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A B S T R A C T 
Purpose. Dry powder aerosol represents a convenient dosage form for delivering 
drugs into the lungs without prior systemic absorption. Since pulmonary delivery of drug 
particles depends, among other factors, on the shape, size, surface properties and 
dispersibility of the particles, the present project aims to determine how these properties 
can be physically modified, regulated or optimized to produce the desired drug powder 
for inhalation. To this end, a laboratory-scale spray dryer (Buchi B-191) has been 
employed to systematically investigate the influences of operating conditions and 
formulation additives (lecithin, LT, and oleic acid, OA) on the aforementioned properties 
of the widely-prescribed anti-asthmatic drug, salbutamol sulphate. 
Methods. Salbutamol sulphate was spray-dried under defined conditions and 
characterized for volume mean particle diameter (VMD) by Aerosizer®; specific surface 
area (SSA) by BET nitrogen adsorption; morphology by scanning electron microscopy 
(SEM); solid phase transition by differential scanning calorimetry (DSC) and 
thermogravimetry (TG); surface energetics by inverse gas chromatography (IGC) at 
infinite dilution; crystallinity by powder x-ray diffraction (PXRD) and moisture sorption 
analysis; and mass median aerodynamic diameter (MMAD) and fine particle fraction 
(FPF) by multistage liquid impinger technique (with Spinhaler® device). These properties 
were investigated as a function of outlet drying temperature, feed solution concentration, 
feed speed and concentrations of LT (0.1-5% w/w) and OA (0.1-0.5% w/w). 
Results. All the spray-dried samples were amorphous with broad diffuse maxima 
in PXRD and characteristic glass transition temperatures, Tg, and recrystallization 
temperatures, Trc, in DSC. Both Tg and TVc decreased with increasing moisture sorption, 
VIII 
suggesting that the recrystallization of amorphous salbutamol sulphate is largely 
mediated by water. Drying temperature was the only operating variable that exerted an 
apparent impact on particle morphology. High drying temperature (>100�C) yielded 
spherical porous particles with smooth crusty surfaces while low drying temperature 
(<80°C) afforded compact particles with shriveled surfaces. However, IGC analysis 
revealed no significant differences in the dispersive component of surface energy, ys^, 
the specific component of surface free energy of adsorption, -AGa^^, and in the acid 
(KA) and base (KD) parameters among the samples. A significant negative correlation 
was observed between FPF and VMD, suggesting that particle size determines the 
dispersibility of these samples. At 60°C, increasing the LT concentration substantially 
decreased the FPF, -AGa^^, Ka and Kd . Lowering the temperature to 20°C afforded 
similar LT-dependent effects except that a maximum FPF was observed at �O.io/ow/w 
LT. Correlation analysis revealed that the FPF was strongly correlated with Ka and 
SSA，indicating that the decreases in FPF of the LT-treated samples are due to 
weakened electrical repulsion between charged acidic groups. The effects of OA on 
particle morphology and surface energetics at 20° and 60°C were broadly similar to 
those of LT. However, the FPF was significantly correlated with only KD, suggesting 
that reduced repulsion between charged basic groups is responsible for the decrease in 
FPF. 
Conclusions. The level of additive and the drying temperature employed are crucial 
to the aerosol performance of the spray-dried salbutamol sulphate samples. The 
dispersibility of the additive-treated powders appears to be governed predominantly by 



















Spinhaler®作爲驅散裝置，和多層液體分粒儀（multistage liquid impinger-MSLI)測 
定了粉末的質量氣動平均直徑（mass median aerodynamic diameters - MMADs)禾口 














降低干燥温度至2( rC時，除了當LT約爲0 .1% w/w出現最大的FPF值以外，LT 
濃度的變化所産生的影響與上述結果相類似。數據相關性的分析結果顯示，樣品 
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concentrations at an outlet temperature of 60°C. 
Fig. 3.52b. Fine particle fraction of the samples co-spray-dried with various oleic acid 129 
concentrations at an outlet temperature of20°C. 
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Fig. 3.53a. Volume mean particle size of the samples co-spray-dried with various oleic 130 
acid concentrations at an outlet temperature of 60°C. 
Fig. 3.53b. Volume mean particle size of the samples co-spray-dried with various oleic 130 
acid concentrations at an outlet temperature of 20°C. 
Fig. 3.54. Correlation between fine particle fraction and base parameter of oleic acid 131 
co-spray dried samples. 
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1.1. Rationale of study 
Drug aerosol delivery by the inhaled route is currently of major importance in 
the therapy and prophylaxis of asthma and bronchitis, and will likely play an 
increasing significant role in the treatment of other lung diseases. Aerosol therapy is a 
simple form of drug targeting because drug is delivered directly to the lungs without 
prior systemic absorption. This affords several obvious advantages over other routes, 
viz: (a) a relatively small dose can be used (Gonda and Byron, 1978); (b) there is 
generally a low incidence of systemic side-effects; and (c) the onset of drug action is 
relatively rapid (Anderson et al, 1976; Shim and William, 1980). 
In order to exert a therapeutic effect on the lower respiratory tract, drug 
aerosols must be deposited in the lungs. Failure of the drug to reach the lungs is a 
major reason for the frequent failure of inhalation therapy. Three mechanisms are 
responsible for the deposition of therapeutic aerosols in the respiratory tract (Gerrity, 
1990)，namely: 
(a) inertial impaction, in the oropharynx and large conducting airways of the lungs; 
(b) gravitational sedimentation, in the smaller conducting airways and alveoli; and 
(c) Brownian diffusion, which is almost entirely restricted to the alveolated zones. 
In practice, Brownian diffusion usually plays a minor role in aerosol therapy 
since its effects are limited to submicronic particles and droplets and generally only a 
small fraction of therapeutic aerosol mass is within the submicronic range. 
These three mechanisms have been well recognized for several decades, as 
have been the following factors affecting aerosol deposition (Gerrity, 1990): 
(a) Properties of the aerosol 
These include droplet or particle diameter, surface, shape, density and 
hygroscopicity. As aerosol aerodynamic diameter increases from about 1 pm，the 
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penetration to the lungs declines; hence the size band <5|^m is often called the 
'respirable range' (Gebhardt et al，1978). Most drug aerosols are heterodisperse in 
nature (comprising particles or droplets of many different sizes) and may be 
characterized by the mass median aerodynamic diameter (MMAD). 
(b) Mode of inhalation 
This encompasses inhaled flow rate, inhaled volume, breathing frequency and 
breath holding. Slow inhalation is a key factor since this reduces impaction in the 
oropharynx and large airways, and thus enhances aerosol penetration to the lung 
periphery. 
(c) Inter-subject variations 
These arise from the subjects inhaling the aerosol, in particular, the random 
anatomical variations between individuals and systematic effects such as that of 
obstructive lung diseases. 
Apart from factor (c) which is not manipulatable, the properties of the aerosol 
are probably the most difficult to control and the most significant in terms of their 
intimate link with the three aforementioned mechanisms of deposition. It is the goal of 
the present thesis to explore the application of spray drying technology in the 
engineering of microfine drug particles (in the micron range) with the desired 
properties for delivery to the lungs. 
Salbutamol sulphate ((Ci3H2iN03)2*H2S04 MW: 576.71; Fig. 1.1) has been 
selected as a model drug candidate in the present study for several reasons. It is a 
widely prescribed anti-asthmatic agent commonly administered via the inhalation 
route. The drug has been on the market for a number of years and has been well 
studied and characterized, and would thus represent an ideal model compound in our 
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developmental work. 
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Figure 1.1 Chemical structure of salbutamol sulphate 
For inhalation, salbutamol (in the form of free base or sulphate salt) is 
formulated as a solution for use with a nebulizer, as a metered dose inhaler (MDI) 
with freon propellant, and as a dry powder formulation (administered by breath-
actuated device). The powder formulation consists of salbutamol sulphate in the 
micronized form and coarse lactose particles (30-60^im) which serve as a diluent and 
a carrier to avoid aggregation of the inherently cohesive micronized powder. For 
administration, a capsule containing the powder is inserted in a flow-activated device 
(Rotahaler™, Glaxo Wellcome). The patient is then required to make a deep 
inhalation which generates a turbulent air stream to facilitate detachment of the drug 
particles from the coarse carrier and their subsequent dispersion. Being breath-
actuated, the dry powder inhaler is easy to use and does not require coordination 
between actuation and inhalation, as does its pressurized counterparts, and is thus the 
preferred dosage form for most asthmatic patients. In addition, it is environment-
friendly as it does not need to use any chlorofluorocarbons (CFCs) propellants which 
are notorious for their link to the global warming and ozone depletion in the Earth's 
stratosphere. Although the efficacy of dry powder salbutamol sulphate is generally 
4 
comparable to that of the pressurized aerosol formulation (Duncan et al, 1977; Hetzel 
and Clark, 1977), neither formulation can afford satisfactory or optimal delivery of 
the drug to the lungs; only about 10-20% of the administered dose can actually reach 
there (i.e. low respirable fraction), the rest (80%) being deposited in the oropharynx. 
Traditionally, dry powders formulated for the inhaled route are produced by 
conventional batch crystallization followed by micronization in a fluid energy mill 
(micronizer). While this is a viable method, this two-step process is time-consuming 
and costly, and the particles thus formed generally do not have narrow size range 
(normal range is 0.5-10|um) and the particle surfaces usually have a high surface 
energy which tends to cause the particles to aggregate. Thus, even though appropriate 
size reduction can be mechanically achieved, the relatively high operating cost and 
the unacceptably high cohesiveness of the powders have precluded its widespread 
application, and alternative fine powder production methods with higher efficiency, 
lower running cost and better control of powder properties need to be sought. 
The present project represents a systematic approach to develop a well-
optimized spray drying process for the production of drug powders with the desired 
characteristics for pulmonary delivery in a single-step operation. The approach 
involved optimization of major spray drying operating parameters (i.e. feed solution 
concentration, feed solution speed and drying temperature) and the use of two aerosol 
formulation additives (namely, oleic acid and lecithin) to regulate the physical and 
surface characteristics of drug powders. A concise account of the background of the 
present research is provided below. 
1.2. Drug Delivery to the lungs 
The airways (constituting the lungs) may be viewed as a series of dividing 
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passageways originating at the trachea and terminating at the alveolar sac. The 
airways are often described as the pulmonary tree in that their overall form resembles 
a tree. The tree truck is analogous to the trachea of the airways that bifurcates to from 
main bronchi. 
In passing from the trachea to the alveolar sac, two physical changes occur in 
the airways that are important in influencing airway function. Firstly, the airway 
caliber decreases with increasing generations. Secondly, the surface area of the 
airways increases with each generation to the extent that the total area at the level of 
the human alveolus is in the order of 140 m^; the cross-sectional area increases greatly 
in the four generations between the terminal bronchiole and the alveolar sac (from 
180 to 10，000cm2) (Zeng et al，2001). 
Based on experimental data, a morphological model of the human lung was 
proposed by Weibel (1963) and has become widely accepted in the investigation of 
particle deposition. Table 1.1 illustrates some characteristics of the respiratory tract 
that are related to drug deposition in different pulmonary regions (Zeng et al, 2001). 
Calculations of data in the table assume a steady inspiratory flow of 60 1 min"'. Dsed is 
the distance that a l | im particle sediment during transit to that region; Stk is the 
Stokes’ number for a l | im particle in that region; Re is the Reynolds' number for that 
region. 
The model of airway morphology, which encompasses the conducting 
(trachea-terminal bronchioles) and respiratory (respiratory bronchioles - alveolar sacs) 
zone of the airways, is depicted in Figure 1.2. The respiratory zone includes airways 
involved with gas exchange and comprises respiratory bronchioles, alveolar ducts, 
and alveolar sacs. 
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Table 1.1. Characteristics of the respiratory tract that are related to drug deposition 
in pulmonary regions. 
Region Number Diameter Length Residence Dsed Stk Re 
(cm) (cm) time (s) (x ICT^  cm) (x 10.3) 
Mouth i 2 7 0 .022 ^ ^ 
Pharynx 1 3 3 0.021 0.7 0 .14 
Trachea 1 1.7 12 0 .027 0.9 0 .78 5010 
Main bronchi 2 1.3 3.7 0 .010 0 .3 0 .88 3300 
Lobar bronchi 5 0.8 2.8 0 .007 0 .2 1.50 2220 
Segmental 18 0 .5 6 0.021 0.7 1.70 942 
bronchi 
Intrasegmental 252 0 .3 2 .5 0 .045 1.5 0 .57 225 
bronchi 
Bronchioles 504 0.2 2 .0 0 .032 1.1 0 .95 84 
Secondary 3024 0.1 1.5 0 .036 1.2 1.27 28 
bronchioles 
Terminal 12,100 0 .07 0 .5 0 .023 0.7 0 .93 10 
bronchioles 
Respiratory 1 . 7 x 1 0 ^ 0 .05 0.2 0 .067 2.2 0 .18 1 
bronchioles 
Alveolar ducts 8.5 X10® 0.08 0.1 0 .44 14.5 0.01 0 
Atria 4 . 2 x 1 0 ® 0.06 0 .06 0.71 23 .4 0.01 0 
Alveolar sacs 2.1 x 10^ 0 .03 0.05 0 .75 24 .8 0.01 0 
Alveoli 5 . 3 x 1 0 ® 0 .015 0 .015 4 132 - -
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Figure 1.2. Tracheobronchial tree (from Weibel, 1963) 
1.3. Particle transport and deposition mechanisms 
Deposition is the process that causes inspired particles to be caught in the 
respiratory tract and thus fail to exit with expired air. Total deposition fraction, DF, is 
expressed as 
DF = (amount inhaled - amount exhaled)/ amount inhaled (1.1) 
where the amount can be expressed in terms of particle mass or number. Deposited 
dose is equal to the amount of material inhaled times the deposition fraction. All 
particles that touch a surface are assumed to deposit at the site of initial contact. 
Distinct physical mechanisms operate on inspired particles to move them across 
streamlines of air and toward the surface of the respiratory tract; these are 
gravitational sedimentation, inertia, Brownian diffusion and electrostatic forces. 
Most particles that are inhaled and deposited in the lungs are smaller than 
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10|um in diameter. These particles have small enough masses and travel at low enough 
velocities that their intrinsic inertial forces are much less than the viscous resistive 
forces of the surrounding air. Due to its relatively high viscosity, the air flows in a 
laminar pattern around a moving particle, i.e. the air streamlines in front of and 
behind the particle are smooth and symmetrical with no eddies. 
1.4. Factors affecting particulate interactions 
The effective dose in aerosol therapy is dependent on the physical and 
chemical properties of the aerosol particles as well as the mass concentration being 
delivered. The size, shape, surface structure and hygroscopicity of the aerosol 
particles determine their aerodynamic or transport properties and affect the site and 
efficiency of deposition. Proper control of these various physicochemical and 
aerodynamic properties is a prerequisite for the accurate determination of the effective 
dose in aerosol therapy. 
1.4.1. Particle size 
The most important physicochemical parameter influencing the deposition of 
aerosols in the lung is particle size, which governs the penetration of the particles into 
the lower region of the lungs. Particle size is normally characterized by a particular 
diameter defined according to the principle underlying the measurement (Davies, 
1979). Aerosols rarely consist of particles that are of the same size, and usually a 
distribution of size around a mean is observed. The observed size may be fitted by 
statistical approximation to a distribution. Aerosol particle size commonly follows a 
log-normal distribution. The influence of particle size on aerosol performance is well 
documented. For instance, lida et al (2000) found that the fine particle fraction of a 
9 
drug aerosol decreased with increasing particle size of the carrier used, and the mixing 
of fine carrier particles could significantly affect the dry powder's inhalation 
properties. 
1.4.2. Particle shape 
Particle shape is not an easily controllable parameter in aerosol dry powder 
technology and is largely dependent upon the powder production methods. 
Interparticulate forces are influenced by how closely the particles interact at the points 
of contact. In practice, powder handling and processing, such as mixing, compression 
and vibration, can generate sufficient energy to orientate the component particles 
towards the most stable or close packing arrangement (Zeng et al, 2001). Irregular 
particles and angular particles may contact the substrate with their tips or short edges, 
and thus the effective areas of contact may be lower compared with those of spherical 
particles. Employing a dinkihaler to assess the dispersability of spray-dried powders, 
Chew and Chan (2001) found that the fine particle fraction of corrugated particles was 
about 10-20% higher than that of spherical particles. The observed effect has been 
ascribed to a reduction in the actual area of contact and hence cohesion between the 
particles. 
1.4.3. Surface texture 
As with particle shape, asperities of particle surface also influence the 
interparticulate contact and hence interparticulate interactions. In general, rough 
particles exhibit weaker interactions between them than smooth particles of 
comparable size and shape due to smaller areas of contact. 
Larhrib et al (1999) compared the carrier performance of five different grades 
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of lactose and found that the anhydrous lactose carrying a higher proportion of fines 
produced the most efficient delivery of salbutamol sulphate, although this lactose 
sample showed a rougher surface than did the other four grades of lactose. However, 
of the latter four grades of lactose, the medium-grade lactose, though possessing 
smoother particle surface, displayed the highest fine particle fraction, which could be 
linked to the relatively small mean particle size. 
1.4.4. Surface energy 
The surface of a solid or crystal experiences a net imbalance of binding forces 
between its constituent units (atoms, ions or molecules) and therefore possesses a 
surface energy. Actual crystals are rarely perfect; they may be composed of 
microcrystalline domains bounded by slip planes, or possess lattice irregularities, 
which may involve extra or missing layers or a screw or spiral dislocation. The 
imperfections and dislocations manifest themselves on an otherwise 'perfect' surface 
by an increase in surface energy (Zeng et al, 2001). A clean cleavage surface of a 
crystal will have a lower surface energy than a milled or abraded surface of the same 
material. 
Surface energy can be related to work of adhesion (Wa) between two different 
interacting materials (C and D) and work of cohesion (Wc) for the same substance (C) 
by the following equations: 
Wa = A (yC V-yCD) (1.2) 
Wc = 2 Ay^ (1.3) 
where A is the area produced by the separation; f and f are the free energies per 
unit surface area of solid C and D in air; and y^^ is the free energy of the C-D 
interface per unit area. 
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Solids with a high surface energy have a high tendency to adsorb other 
materials onto their surfaces and form strong bonds with adhered particles (Sutton et 
al. 1976). Thus surface energy is an important factor affecting the dispersibility and 
performance of aerosol particles. 
1.4.5. Contact area 
Based on consideration of geometric shape per se, spherical particles usually 
have a lower interparticulate contact area than that of irregular or angular particles of 
comparable sizes. However, because of their loose-packed arrangement and low bulk 
density, irregular or angular particles often display weaker interparticulate cohesion 
due to a reduced area of contact between them. Lucas et al (1999) employed a low-
density amino acid additive to reduce the bulk density and improve the flow 
properties of aerosol particles. The additive was found to improve the dispersibility 
and deposition of the drug powder by reducing its area of contact area with the carrier 
particles. 
1.4.6. Relative humidity 
Relative humidity can affect interparticulate forces through two opposing 
mechanisms. At low relative humidity, electrostatic charges can be readily augmented 
on powders through rubbing action during handling and processing, leading to 
increased adhesion (Kulcanich and Stewart, 1988)，whereas capillary forces are 
relatively insignificant and do not contribute to the adhesive interaction. However, 
when the relative humidity is increased to 50-60%, capillary forces become 
predominant while the contribution from surface charges is negligible. Powders, 
particularly those hygroscopic in nature, can adsorb a significant amount of moisture 
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on their surface leading to the formation of liquid bridges that hold the particles 
together. 
1.4.7. Electrical properties 
Electrical charges arise from collision and friction amongst the particles 
during powder collection, mixing and other handling processes. As discussed before, 
electrostatic forces are only important at low environmental humidity, which favours 
the accumulation of static charges on particle surfaces whereas capillary forces 
become manifested at high humidity. The electrostatic forces sometimes are very 
significant and may even dominate when the particle size is reduced or the 
environment becomes very dry, giving rise to increased particle adhesion and 
retention within the capsule and the device and consequently poorer aerosol 
performance of the powder. 
1.5. Fine powder production technologies applicable to dry powder inhalation 
formulations 
Most dry powders formulated for the inhaled route are produced by batch 
crystallization from a suitable solvent system followed by fluid energy milling to 
yield the appropriate particle size range for deep lung delivery. Spray drying is 
another technology that has found applications in the production of specific materials 
(e.g. protein drugs, carrier excipients) for formulating inhalation products. More 
recently, supercritical fluid crystallization has emerged as a promising technology for 
generating high purity, micron-sized crystalline particles with defined morphology in 
a single-step operation. The merits and disadvantages of these technologies are 
discussed below. 
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1.5.1. Batch crystallization and micronization 
Traditionally, production of microfine drug powders for pulmonary 
administration is effected through (rapid) batch crystallization of the material from a 
suitable solvent followed by micronization if necessary to attain the appropriate size 
range. Micronization is normally achieved mechanically by jet milling, which 
involves feeding coarse drug material into a milling chamber, where two air streams 
meet at high velocity. There are no grinding parts in a jet mill and micronization 
results from collision of the drug particles. The coarse material circulates in the 
periphery of the mill by centrifugal forces, and the fine powder follows the air stream 
through an opening in the centre of mill into a cyclone and filter bag, where it is 
separated from the air stream. This milling technology is capable of reducing the 
particle size down to 1 |Lim, but cannot control the particle shape and morphology. In 
addition, the milled particles generally do not have narrow size range and the particle 
surfaces tend to be rough and cohesive, which makes material processing difficult. 
Shown in Figs. 1.3 and 1A are the scanning electron micrographs of an unmilled and 
a milled (micronized) sample of salbutamol sulphate for illustrating the effect of 
milling on particle size and morphology. 
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Fig. L3 Scanning electron micrograph of Fig. 1.4 Scanning electron micrograph of 
unmilled salbutamol sulphate micronized salbutamol sulphate 
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1.5.2. Spray drying 
Spray drying is not a new technology, having been successfully applied since 
1920s in food industries. The earliest patents on this technology were recorded by La 
Mont in 1865 (US Patent 51263, 1865). Spray drying is a useful technique for the 
processing of pharmaceuticals since it offers a convenient means of obtaining 
powders with predetermined properties such as particle size and shape. In addition, a 
number of formulation processes can be accomplished in one step in a spray dryer; 
these include encapsulation, complex formation and polymerization. Employing a 
variety of atomization, drying, and separation techniques, spray drying can be adapted 
to many applications, including low-temperature spray drying in which the drying air 
is maintained at a low relative humidity for aqueous feeds, pulse combustion spray 
drying which uses heat and acoustics for extremely rapid evaporation at low 
temperature, and freeze spray drying which employs liquid nitrogen and vacuum for 
rapid drying at an extremely low temperature. These various adaptations enable spray 
drying to be operated within a wide drying temperature range, from 400°C for 
thermostable materials to lower than -100°C for drying thermolabile proteins (Maa et 
al, 1999). 
Spray drying converts a liquid into a powder via the following stages: i) 
atomization of the feed solution to form a spray; ii) spray-air contact; and iii) drying 
of the spray; and iv) separation of the dried product from the gas stream. The heating 
and drying of the droplets are usually performed in a chamber to which a stream of 
hot dry air is admitted in a co-current (i.e. in the same direction as spray) or counter-
current (i.e. in the opposite direction to spray) manner. The fast heating and 
evaporation of the droplet may cause a problem in morphology and size control of the 
final products. If the heating rate is fast compared to the solute diffusion rate inside 
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the droplet, a concentration gradient of the solute will exist with the maximum on the 
droplet surface. When the surface solute concentration is sufficiently high, a shell or 
crust solid layer may exist, trapping some solution. If this crust is permeable to water, 
a hollow particle will result. On the other hand, for an impermeable crust, further 
heating may lead to droplet explosion due to pressure buildup within the particle, 
resulting in polydispersity of particle size and non-uniform morphology. For mixed 
component feeds, the chemical compositions of the powders may also vary. Small and 
dilute droplets tend to form high quality powders whereas gel-forming solutes tend to 
form debris materials due to droplet explosion. Proper control of particle size, 
morphology and chemical compositions is crucial to the successful application of 
spray drying in pharmaceutical manufacturing. This would necessitate a systematic 
investigation into the effects of various operating parameters in spray drying on the 
resulting powder properties. 
Chawla et al (1994) have studied the influence of four operating variables in 
the spray drying process, namely, pump speed, aspirator level, inlet drying 
temperature and feed solution concentration (salbutamol sulphate), on powder 
properties. The results showed that higher aspirator level and feed solution 
concentration produced larger particles and higher product yield. The spray-dried 
powder was seen to display similar performance to the micronized form in the in-vitro 
aerosol deposition studies. 
Drying temperature has been found to exert a significant impact on the degree 
ofcrystallinity and crystal form of the resulting spray-dried materials. Using a Yamato 
ADL-31 spray dryer, Naini et al (1998) obtained lactose, trehalose and sucrose in an 
amorphous form and mannitol in a crystalline form when spray drying the solutions of 
these four types of sugars at inlet temperatures of 125° to 150°C and an outlet 
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temperature of70°C. Although most commercial spray dryers do not offer ample time 
for nucleation and crystal growth during the brief drying process, the average droplet 
drying time ( �l i s ) provided by this commercial spray dryer was apparently sufficient 
for the crystallization of mannitol, but not for the other three types of sugars. Matsuda 
et al (1984) investigated the production of various polymorphic forms of 
phenylbutazone using spray drying. Three crystalline polymorphic forms (a, P and e) 
were prepared from methylene chloride solution at seven drying temperatures from 
120° to 30°C. The s is a novel crystalline form which cannot be prepared by 
conventional crystallization techniques; it could be formed during spray drying at a 
low drying temperature and exhibited higher solubility and dissolution rate than the 
other two forms. 
Additives can be employed as an additional controlling parameter for particle 
crystallinity and crystal form in the spray drying process. Chidavaenzi et al (2001) 
found that spray drying of lactose alone in solution produced completely amorphous 
material while co-spray drying lactose with PEG-4000 (12% w/w) afforded crystalline 
powders consisting of 80% anhydrous lactose and 20% a-lactose monohydrate. The 
effect may be explained by the ability of PEG to promote the nucleation and 
crystallization of lactose during the drying process. They also found that low PEG-
4000 concentrations (as low as 1% w/w) tend to cause lactose to crystallize 
preferentially into the a-monohydrate form. 
1.5.3. Supercritical fluid crystallization 
Although supercritical fluids (SFs) have been known for more than a century, 
commercial interest in exploiting SFs has become apparent only over the past 30 
years. The interest was triggered in the 1970s by concerns over energy costs and the 
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notion that SFs methods might provide cost-saving alternatives to liquid extraction 
and distillation. Other industrial SFs applications including purification of 
pharmaceuticals were investigated in 1980s. Around the same period, interest in using 
SFs for the precipitation and crystallization of pharmaceutical materials was rapidly 
growing (Larson, 1986). The major thrust is to prepare powdered pharmaceuticals 
with directed and targeted properties, such as particle size distribution, in a single-
stage scalable process that simultaneously eliminates many of the constraints and 
limitations of current particle formulation and processing method (York, 1999). The 
major limitations with the SF technique is the requirement for operation under high 
pressure (100-400bar), and limited solubility of polar or high-molecular-weight 
compounds in the relatively hydrophobic SFs (typically CO2 plus other organic 
solvents). 
1.6. Physical characterization of aerosol powders 
The aerosol performance of an inhaled drug is a function of many of its 
physical properties such as particle size, particle shape/morphology, surface area, 
crystallography, water content and surface energy. It is well documented that subtle 
changes in physical properties may result in dramatic changes in powder performance 
(Zeng et al, 2001). Under normal conditions, a drug exists in the most stable physical 
or crystalline form, which is the form commonly employed in pharmaceutical 
manufacturing. When the drug is subjected to vigorous processing treatments such as 
grinding，milling and drying, complete or partial damage of its stable crystal structure 
can occur, resulting in an amorphous or partially crystalline material. If such 
structural damage occurs at the surface of an inhaled drug powder subjected to similar 
processing stresses, the dispersibility and pulmonary delivery of the powder will 
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likely be substantially compromised. A variety of techniques are available for 
physical characterization of aerosol powders. Some of these techniques have been 
employed in the present project, and are briefly discussed below. 
1.6.1. Microscopy and particle size analysis 
Aerosol particles may be characterized by microscopy for size distribution, 
shape and agglomeration. These properties normally govern the selection of more 
efficient indirect methods for sizing the particles. Scanning electron microscopy 
(SEM) is a useflil method for examining primary particle shape/morphology, surface 
texture and agglomerate structure since it affords high resolution of the particle image. 
Laser diffraction particle sizing is another excellent method for characterizing particle 
size, as it is rapid, convenient and reproducible. However, measuring accuracy 
declines as the particle size approaches laser light wavelength, the effect being 
dependent on the relative refractive index and reflectivity of the particles (Burkholtz, 
1982; Bayvel and Jones, 1984). Another particle sizing technique is ‘time-of-flight， 
measurement utilizing an Aerosizer® For this technique, the aerosol particles are 
accelerated into an inspection zone and the individual fine particles are characterized 
by the time they take to travel across two laser light beams. A computer correlation 
establishes which peak from the second laser constitutes the matching peak to the 
initial peak as the fine particles cross the first beam. 
1.6.2. Powder X-ray diffractometry 
When crystalline solids are exposed to incident X-ray beams, the radiation is 
scattered in all directions. In some directions, the scattered beams are completely in 
phase and reinforce one another to form diffracted beams. If a perfectly parallel and 
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monochromatic X-ray beam, of wavelengh X, is incident on a crystalline sample at 
angle 9, then diffraction will occur: 
nX = 2d sinG (1.4) 
where d is the distance between the planes in the crystal and n is the order of 
reflection. The X-ray powder pattern of every crystalline form of a compound is 
unique, making this technique particularly suited to the identification of different 
crystal forms (e.g. polymorphs, solvates). The technique is also useful for 
characterizing amorphous or partially crystalline materials. 
1.6.3. Thermal analysis 
Thermal analysis encompasses the techniques of differential scanning 
calorimetry (DSC) and thermogravimetry (TG). The analysis is conducted as a 
function of an externally applied temperature. DSC is commonly employed in 
conjunction with TG for characterizing phase changes such as desolvation, 
sublimation, vaporization, melting, recrystallization, glass transition and thermal 
decomposition. TG measures specifically the thermally-induced weight loss of a 
material (e.g. due to dehydration) as a function of the applied temperature. 
1.6.4. In-vitro deposition assessment 
A major parameter to be considered in the design of a successful dry powder 
formulation is the drug deposition on the airways. This can be assessed in-vitro by the 
fine particle fraction, which is defined as the percentage of all particles of 5 |im and 
below. The size of the particle is commonly characterized in terms of the aerodynamic 
diameter or geometric diameter. The former is defined as the diameter of a unit 
density sphere having the same settling velocity, generally in air, as the measured 
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particle. It is an indicator of the aerodynamic behaviour of the particle and is dictated 
by particle shape, density, and geometric size, all of which can affect the deposition of 
the drug in the lung. 
For assessment of particle deposition and particle size distribution, the present 
project employed a standard commercial multistage liquid impinger, which is 
composed of five stages made from glass and metal (see Methods Section). The cut-
off diameter at 60 1 min] for stages 1，2，3 and 4 are approximately 13，6.8，3.1 and 
1.7 |im, respectively. This official technique is listed as apparatus C in British 
Pharmacopoeia, 2000 (Appendix XII F. Aerodynamic Assessment of Fine Particles -
Fine Particle Dose and Particle Size Distribution). 
1-6.5. Surface energy measurement by inverse gas chromatography (IGC) 
Surface energy may play a critical role in the dispersion behaviour and 
performance of aerosol particles. A standard technique employed to determine the 
surface energetics of a powder is contact angle measurement, which involves 
compression of the powder to form a compact and measurement of the contact angle 
made by selected wetting liquids of known surface tensions with the compact surface 
(Van Oss et al, 1988). However, as has been well documented, the compression 
pretreatment will likely change the surface properties of the material. Although there 
are a number of alternative techniques available for powder surface characterization 
e.g. Wilhelmy plate method (Rame, 1997) and thin-layer wicking method (Dourado et 
al，1998)，none of them is problem-free. In recent years, inverse gas chromatography 
(IGC) has emerged as a pragmatic and attractive technique for characterizing powder 
surface. IGC offers a number of attractive advantages over other techniques, viz., it is 
nondestructive to the surface, measures only the outermost layers of molecules and 
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have a resolution down to very small area (Zografi, 1981). In this method, the powder 
is packed into a surface-deactivated glass column which is constantly flushed with an 
inert carrier gas (the mobile phase) such as nitrogen, and vapours of selected liquid 
probes are injected and their retention times measured. The retention time reflects the 
affinity of the probe for the surface. The probes used include a series of nonpolar 
liquid alkanes and a number of polar organic liquids such as chloroform, diethyl ether, 
ethyl acetate and tetrahydroforan. The nonpolar probes measure the dispersive surface 
energy while the polar probes determine the specific surface interactions. IGC has 
been used to demonstrate differences in the properties of polymers (Thomas et al, 
1993)，carbon fibres (Papirer et al, 1988)，glass fibres (Tsutsumi and Ohsuga 1990) 
and pharmaceutical powders (Ticehurst et al, 1994; Deve et al, 1996). It has also been 
applied in conjunction with molecular modelling to investigate the differences in 
surface properties of materials associated with the presence of optical forms and 
particle size reduction (York et al, 1998). It must be noted that IGC analysis at infinite 
dilution probes only the most energetic sites at the surface, which may not be 
representative of the entire surface, depending on their number relative to the total. 
1.7. Scope of study 
Since pulmonary delivery of drug particles depends, among other factors, on 
the shape，size, surface properties and dispersibility of the particles, the present 
project aims to determine how these properties can be physically modified, regulated 
or optimized to produce the desired powder of salbutamol sulphate for inhalation. To 
this end, a laboratory-scale spray dryer (Buchi B-191) has been employed to 
systematically investigate the influence of operating conditions on the physical and 
surface properties of the drug powder. In addition, the effects of two additives 
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(lecithin and oleic acid) in the spray drug solution on the resulting powders have been 
examined. These additives were selected primarily for two reasons: they are approved 
additives for therapeutic inhalation formulation (i.e. with 'Generally Regarded As 
Safe' or GRAS status); and they possess the potential to regulate the material 
properties (including particle size, morphology, surface energetics) of the spray-dried 
powders. We hypothesize that these additives, being surface-active or hydrophobic, 
will reside mostly on the surface of sprayed droplet or dried particle, thereby reducing 
the surface free energy and altering the size, morphology, surface properties and 
crystallinity of the particle. We further hypothesize that the use of surface-active 
additives and low-temperature drying will promote nucleation and crystallization of 
the spray-dried samples by lowering the activation energy barrier involved and by 
providing more time for molecular rearrangement in the solid state. 
The specific objectives of the present project were: 
1. To assess the impact of three major spray-drying operating variables, namely, 
feed solution concentration, drying temperature and feed solution speed on the 
particle size, particle morphology, crystallinity, surface energy and aerodynamic 
properties of the resulting salbutamol sulphate powders; and 
2. To investigate the influence of varying concentrations of the two additives, 
lecithin and oleic acid, in the feed solution under defined conditions of low-




Materials and Methods 
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2.1. Materials 
Salbutamol sulphate, Lot: E98L361, Glaxo-Wellcome Research and Development 
Ltd, UK. 
Lecithin，90-96% purity, Lot: 95086，ICN Biomedicals Inc. USA. 
Oleic acid，99% purity, Lot: 18H5180，Sigma Chemical Co. USA. 
Ethanol, BP grade, BDH, England. 
Pentane, ultra purity, BDH, England. 
Hexane, ultra purity, BDH, England. 
Heptane, ultra purity, BDH, England. 
Octane, ultra purity, BDH, England. 
Nonane, ultra purity, BDH, England. 
Acetone’ ultra purity, BDH, England. 
Dichloromethane, 99% purity, Labscan, Thailand. 
Tetrahydrofuran, 99% purity, Labscan, Thailand. 
Ethyl Acetate, ultra purity, BDH, England. 
Chloroform, 99% purity, Labscan, Thailand. 
Diethyl ether，99% purity, Labscan, Thailand. 
Hydrogen (Ultra pure H2> 99.995%), Chun Wang Industrial Gases (H.K.) Ltd 
Helium (ultra pure He > 99.995%) Hong Kong Special Gases Company Ltd. 
Nitrogen (Ultra pure N2> 99.995%), Chun Wang Industrial Gases (H.K.) Ltd. 
Compressed air, Chun Wang Industrial Gases (H.K.) Ltd. 
2.2. Equipment 
Buchi 191 spray dryer, BUCHI Labortechnik AG, Switzerland. 
LEO 1450 scanning electron microscope, LEO Electron Microscopy Ltd., 
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Cambridge, England. 
Waters 2695 high performance liquid chromatograph system, with Waters 996 
photodiode array detector, USA. 
Hewlett Packard 5890 Serials II gas chromatograph system, with dual flame 
ionization detector and 3396 Series II Integrator, USA. 
Five-stage liquid impinger，ERWEKA GmbH, Germany. 
Coulter SA 3100 surface area and pore size analyzer. Coulter Beckman Ltd., USA. 
Perkin Elmer Pyris 1 differential scanning calorimeter, Perkin Elmer Corporation, 
USA. 
TGA 7/DX thermogravimetric analyzer, Perkin Elmer Corporation, USA. 
Philips PW1830 powder X-ray diffraction system. Philips Analytical, Germany. 
Aerosizer® DSP particle size analyzer, with 3225 sensor unit and 3230 
AerodisperserTM，TSI Incorporated, Minneapolis, USA. 
Lambda Bio 40 UV/Visible spectrophotometer, Perkin Elmer Corporation, USA. 
TitraLab 90 Karl Fischer titration system, RADIOMETER™ and Titralab 
Radiometer Analytical S.A., France. 
Thermostatic shaker bath SBS30, BIBBY, Stuart Scientific, UK. 
AND analytical balance HM202, A&D Company Ltd., Japan. 
BRANSON ultrasonic cleaner 5200, Kell-Strom Tool Co., USA. 
CHROMPARK Intelligent Digital Pressure Gauge 
ADM 1000 Intelligent digital flowmeter, J & W Scientific, Fisons. 
Spinhaler ® Fisons Pharmaceuticals, England 
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2.3. Methods 
2.3.1. Determination of aqueous solubility of salbutamol sulphate in water 
Excess amounts of salbutamol sulphate powder were placed with 5 ml of 
water in capped glass test tubes, and equilibrated in a thermostatic shaker bath 
(SBS30’ BIBBY, Stuart Scientific, UK) at 20-60�土 0.1�C. Aliquots of solutions were 
withdrawn after 12 hour and then every 4 hour for another 72 hours (to ascertain the 
attainment of equilibrium). Each solution was immediately filtered through a 0.2|am 
nylon syringe filter (diameter 13 mm), and assayed by HPLC for salbutamol sulphate. 
The HPLC analysis employed a Waters 2695 liquid chromatograph equipped with a 
996 photodiode array detector; a column (20 cm x 5 mm) packed with spherical 
particles of silica, 5 \im in diameter, the surface of which has been modified with 
chemically-bonded nitrile groups (Spherisorb CN); and a mobile phase consisting of 
65:35:5 by volume of water, 0.05 M ammonium acetate and propan-2-ol at a final pH 
of 4.5 (adjusted with glacial acetic acid). The flow rate was set at 2 ml min\ and 
detection wavelength at 276 nm (British Pharmacopoeia 2000). 
The solubility data obtained at various temperatures were analyzed by the 
van't Hoff plot of In solubility(molality) against 1/T. 
2.3.2. Preparation of spray-dried salbutamol sulphate powders under different 
operating conditions 
Salbutamol sulphate was spray dried in a Buchi B-191 mini spray dryer under 
defined conditions of varying feed solution concentration, inlet/outlet drying 
temperature, or solution feed speed. 
Feed solutions at various concentrations (5-30% w/w) were prepared by 
dissolving an appropriate quantity of salbutamol sulphate in distilled water to give a 
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final solution weight of 100 g. Being supersaturated at room temperature (aqueous 
solubility is 23.1% w/w at 20°C), the 30% w/w solution was maintained at 4 0 � C to 
avoid crystallization while being fed into the spray dryer. Drying temperatures used 
were from 155 to 20°C for the inlet, and from 100 to 20°C for the outlet. Solution 
feed speed was varied from 2.3 g min] to 0.3 g min"'. The flow rate and aspirator 
level were set at 600 1 h"^  and 82-88%, respectively, for all sample preparations. 
Details of operating conditions are summarized in Tables 2.1，2.2 and 2.3. 
At the end of each spray drying run, the sample was collected and weighed, 
and the % recovery of the material was calculated by dividing the amount collected by 
the theoretical yield based on the solution concentration. 
Table 2.1 Spray drying under conditions of varying feed solution concentration. 
Feed Solution Solution Feed Speed Inlet Temperature Outlet Temperature 
Concentration ( g min"') (�C) (°C) 
(% w/w) 
^ ^ 60+2 
20 0.6 86±2 60±2 
1 0 0 . 6 8 8 ± 1 6 0 士 2 
5 0.6 110±2 62±2 
2 - 5 0 . 6 1 1 6士 2 6 3 + 2 
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Table 2.2. Spray drying under conditions of varying drying temperature 
Feed Solution Solution Feed Speed Inlet Temperature Outlet Temperature 
Concentration ( g min"') (�C) (�C) 
(% w/w) 
io ^ 155±1 100±1 
10 0.6 115土2 80±2 
10 0.6 82±2 60±1 
10 0.6 52±2 40±1 
io ^ im ^ 
* To allow sufficient time for proper drying of the sample at 20°C, the feed speed 
was adjusted down to 0.3 g min"^ 
Table 2.3. Spray drying under conditions of varying feed solution speed 
Feed Solution Solution Feed Speed Inlet Temperature Outlet Temperature 
Concentration ( g min'') (�C) ( � C ) 
(% w/w) 
^ ^ ^ ^ 
20 1.8 86±1 60±1 
20 1.2 88±2 60±1 
20 0.6 86±1 60±1 
20 0.3 82±1 60 土 1 
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2.3.3. Preparation of spray-dried salbutamol sulphate powders at various 
lecithin concentrations 
Two groups of spray-dried salbutamol sulphate containing lecithin were 
prepared. One group was spray-dried at inlet/outlet drying temperatures of 120-
90°C/60±2°C and the other at inlet/outlet temperatures of 22±2°C/20±3°C. 
Feed solutions containing 10% w/w salbutamol sulphate and various 
concentrations of lecithin were prepared as follows: A stock solution of 4% w/w 
lecithin in ethanol was prepared, and different aliquots (12.5, 5.0, 2.5, 1.25，0.2 and 
0.1 g) of the stock solution were diluted with the same solvent to a final solution 
weight of 20 g to yield different concentrations of lecithin. Each lecithin solution 
(20g) at a defined concentration was then mixed with an aqueous salbutamol sulphate 
solution (prepared by dissolving 10 g of drug in 70 g of distilled water) with the aid of 
stirring and sonication (for about 15 minutes) to ensure uniform dispersion of the 
lecithin in the final solution. A salbutamol sulphate solution serving as the control was 
also prepared by omitting lecithin in the 20 g of ethanol used. The final concentration 
of salbutamol sulphate in the solution was 10% w/w, and the lecithin concentrations in 
the spray-dried products were 5.00，2.00, 1.00，0.50, 0.08 and 0.04% w/w based on 
the aliquot quantities indicated above. All spray-dried samples collected were 
weighed and the % recovery of each sample was calculated as before. 
In order to provide more time for nucleation and crystallization to occur, the 
solution feed speed was set at its lowest limit of 0.3 g min''. The flow rate was kept at 
600 1 h"' and the aspirator level was operated at 82-88% as before. The spray drying 
conditions are summarized in Tables 2.4 and 2.5. 
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Table 2.4. Spray drying at 60°C (outlet temperature) under conditions of varying 
concentration of lecithin 
Feed Solution Solution Feed Inlet Temperature Outlet Lecithin 
Concentration Speed (°C) Temperature Concentration in 
(% , ( g min ') (�C) Sample (% w/w) 
io ^ s^ loo 
10 0.3 80±3 61 ±2 2.00 
10 0.3 79±2 60±1 1.00 
10 0.3 78±3 60±1 0.50 
0.3 96±2 60±2 0.08 
10 0.3 130±5 60±1 0.04 
10 0.3 85±4 61 ±2 0.00 
Table 2.5. Spray drying at 20�C (outlet temperature) under conditions of varying 
concentration of lecithin 
Feed Solution Solution Feed Inlet Temperature Outlet Lecithin 
Concentration Speed (�C) Temperature Concentration in 
(% — (gmin-i) (°C) Sample (% w/w) 
10 0.3 20±2 20±2 5.00 
10 0.3 20±2 20±3 2.00 
10 0.3 20±2 20±2 1.00 
0.3 20±1 20±1 0.50 
0.3 20±1 20±1 0.08 
10 20±2 20±3 0.04 
10 0-3 20±2 20±2 0.00 
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2.3.4. Preparation of spray-dried salbutamol sulphate powders at various oleic 
acid concentrations 
As with lecithin, two groups of spray-dried samples containing oleic acid were 
prepared, one at inlet/outlet drying temperatures of 120-90°C/60±2°C and the other at 
inlet/outlet temperatures of 20±4°C/20±2°C. 
Feed solutions containing 10% w/w salbutamol sulphate and various 
concentrations of oleic acid were prepared as follows: A stock solution of 1% w/w 
lecithin in ethanol was prepared, and different aliquots (5.0, 2.0, 1.0, 0.8, 0.5 and 
0.4g) of the stock solution were diluted with the same solvent to a final solution 
weight of 20 g to yield different concentrations of oleic acid. Each oleic acid solution 
(20 g) at a defined concentration was then mixed with an aqueous salbutamol sulphate 
solution (prepared by dissolving 10 g of drug in 70 g of distilled water) with the aid of 
stirring and sonication (for about 15 minutes) to ensure uniform dispersion of the 
oleic acid in the final solution. A salbutamol sulphate solution serving as the control 
was also prepared by omitting oleic acid in the 20 g of ethanol used. The final 
concentration of salbutamol sulphate in the solution was 10% w/w, and the oleic acid 
concentrations in the spray-dried products were 0.50%, 0.20%, 0.10%，0.08%, 0.05% 
and 0.04% w/w based on the aliquot quantities indicated above. All spray-dried 
samples collected were weighed and the % recovery of each material was calculated 
as before. 
As before, the feed solution speed, flow rate and aspirator level were set at 0.3 
gmirfi，600 1 h'^ and 82-88%, respectively. The spray drying conditions are 
summarized in Tables 2.6 and 2.7 below. 
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Table 2.6. Spray drying at 60°C (outlet temperature) under conditions of varying 
concentration of oleic acid 
Feed Solution Solution F e e d I n l e t Temperature Outlet Oleic Acid 
Concentration Speed (°C) Temperature (°C) Concentration in 
(% w/w) ( g min ') Sample (% w/w) 
10 0 3 60+3 ^ 
10 0.3 82±2 60±2 0.20 
10 0.3 80±2 60±1 0.10 
10 0.3 108±4 60±1 0.08 
10 0.3 85±2 60±2 0.05 
10 0.3 115±4 60+2 0.04 
10 0.3 86±2 60±1 0.00 
Table 2.7. Spray drying at 20°C (outlet temperature) under conditions of varying 
concentration of oleic acid 
Feed Solution Solution Feed Inlet Temperature Outlet Oleic Acid 
Concentration Speed (�C) Temperature Concentration in 
(% w/w) ( g min ') (�C) Sample (% w/w) 
io ^ ^ ^ o3o 
10 0.3 20±1 20±1 0.20 
10 0.3 20±2 20±2 0.10 
10 0.3 22±2 20±1 0.08 
10 0.3 20±1 20±1 0.05 
10 0.3 22+2 20+2 0.04 
10 0.3 20±2 20±1 0.00 
All Spray-dried samples were stored in vacuum desiccators over anhydrous 
calcium chloride at room temperature prior to characterization. 
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2.3.5. Physical characterization of spray-dried salbutamol sulphate powders 
2.3.5.1. Scanning electron microscopy 
The spray-dried powders were characterized for particle shape/morphology 
and surface features using a LEO 1450 scanning electron microscope (LEO Electron 
Microscopy Ltd. Cambridge, England). 
A small piece of double-sided adhesive tape was adhered on an aluminium 
stub, and after stripping off the upper side of the tape, a small quantity of particles 
was sprinkled on the stub surface and dispersed by tapping lightly on the edge of the 
stub with a spatula to break up the agglomerates. The particles were immediately 
coated with approximately 15-20 nm gold using a Fisher sputter coater at anelectrical 
potential of 2.0kv，20 mA in 30 seconds. The electron microscope was operated under 
the following conditions: accelerating voltage at 20kV, distance at 14-20 mm, 
magnification at lk-50k, and scale at 20-1 |im. The digital micrograph images were 
taken at scanning speed of 10, and exported. 
2.3.5.2. Specific surface area determination 
The specific surface area of sample was measured by BET (Brunnauer-
Emmet-Teller) nitrogen adsorption using a Coulter^'^ SA 3100 surface area and pore 
size analyzer (Beckman Coulter, Miami, Florida, USA). Sample of 0.8-1.2 g was 
placed in a glass sample tube (which was accurately weighed together with a tube 
insert and a tube cap before and after being filled with the sample). Sample was 
outgased and dried at 65°C under vacuum for at least 13 hours to achieve a stable 
powder surface, as defined by good linearity in the BET plot. After the outgassing had 
completed, the tube was filled with nitrogen, and the sample tube (including the tube 
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insert and cap) was accurately weighed again on an analytical balance at 0.01 mg 
precision. Nitrogen adsorption was effected by immersing the sample tube in a flask 
of liquid nitrogen (at 77K). The quantity of nitrogen condensed and the resultant 
sample pressure were recorded and used for subsequent calculation. The volume of 
nitrogen retained by the sample was calculated from the measured pressure at each 
data point. Each sample was measured at least 5 times and the mean value was 
calculated. 
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The specific surface area (m g") was obtained by dividing SBET (Eq. 2.1) by 
the weight of the sample. 
SBET = VmAmNA/Mv (2.1) 
where SBET is the BET surface area, N A is the Avogadros number, AM is the cross 
sectional area (= 0.162 nm^ for nitrogen) occupied by each adsorbate molecule, and 
Mv is the gram molecular volume (22414 mL). 
2.3.5.3. Particle size distribution measurements 
These measurements were performed using an Aerosizer® DSP 3225 
instrument with 3230 A e r o d i s p e r s e r ™ (TSI Inc., Minneapolis, USA). The Aerosizer 
DSP spectrometer uses a time-of-flight，cross-correlation technique, which provides 
high-resolution measurements similar to those of single-particle-counting instruments. 
Approximately 100-200 mg of sample was placed in a disperser sample cup. The 
shear force in the disperser was set to the maximum (3.4 psi), deaggregation to "high" 
and the feed rate to "low" in order to facilitate production of primary aerosol particles. 
Particle size data were processed by a 329000 data analysis system, which calculated 
and displayed the measured particle size distribution by number and volume as 
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counting-efficiency curves. The volume mean particle diameter (VMD) was 
computed from the particle number distribution. The data reproducibility was checked 
by triplicate measurements and was within 11%. 
2.3.5.4. Water content determination 
The water content of sample was determined by Karl Fischer titration using a 
TitraLab 90 titration system-TIM900 (Radiometer^^ and Titralab Radiometer 
Analytical S.A., France). Karl Fischer titration is based on the following oxidation-
reduction reaction: 
C5H5N.I2 + C5H5N.SO2 + C5H5N + H2O -> 2C5H5N.HI + C5H5N.SO3 
About 20 ml of anhydrous methanol was added to the titration vessel and trace 
water was titrated off with the Karl Fischer reagent containing Solution A (iodine in 
methanol) and Solution B (pyridine and sulphur dioxide in methanol) mixed in a 1:1 
volume ratio. The Karl Fischer titrant was standardized with an accurately weighed 
amount of water. 
Salbutamol sulphate sample (accurately weighed) was quickly added to the 
anhydrous methanol in the titration vessel to minimize moisture absorption from air, 
and stirred rapidly (for 30 seconds) to dissolve. The resulting solution was then 
titrated amperometrically to the end point, and the amount of titrant consumed was 
used to calculate the moisture content of the sample. To ensure good accuracy, the 
measurement should employ an amount of sample that would consume no less than 
1ml of titrant. 
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2.3.5.5. Isothermal water vapour sorption studies 
Water sorption of samples was determined gravimetrically at relative 
humidities of 23, 44，58, 75.5 and 85% in sealed bottles containing various saturated 
salt solutions. 
Samples (about 100 mg each) were accurately weighed in weighing bottles 
after being dried thoroughly in oven at 65°C. The bottles and the dried contents were 
then placed in sealed bottles containing various saturated salt solutions at defined 
relative humidities (Table 2.8) that were pre-equilibrated at 20°C for about 24 hours. 
Samples were equilibrated at 20°C, and then removed for measurement of weight loss 
at 1, 2，4, 8，12，24，33，48，120 hour and about every 3 or 5 days after 10 days. The 
relative humidities generated by five saturated salt solutions at 20°C and 25°C are 
shown in Table 2.8 (Handbook of Chemistry and Physics, CRC Press, Edition, 1995). 
Table 2.8. Relative humidity values generated by various saturated salt solutions 
S ^ 2 0 � C 25 "C 
Potassium Acetate (KOAc) ^ 21^6 
Potassium Carbonate (K2CO3) 43.1 43.2 
Sodium Bromide (NaBr) 59.1 57.5 
Sodium Chloride (NaCl) 75.5 75.3 
Potassium Chloride (KCl) 85.1 84.3 
2.3.5.6. Powder X-ray diffraction 
Small angle X-ray reflection measurements were performed with a Philips 
PW1830 generator and a Philips PW1830 diffractometer in a 9/29 geometry, using 
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CuKa radiation (X = 1.542 A). 0.5 g of sample was packed into an aluminium holder 
of about 2 mm thickness and scanned at a rate of 5° (29) per minute. Data were 
collected between 26 angle of 5° and 40� . 
2.3.5.7. Thermal analysis 
Samples were analyzed for thermal behaviour using a Perkin Elmer Pyris 1 
differential scanning calorimeter. The installed Pyris software controls the calorimeter 
through a series of temperature control programmes. The instrument was calibrated 
with pure ice and an indium standard. Accurately weighed samples (0.8-3mg) were 
placed in tightly sealed volatile sample pans (P/N 0219-0062) to prevent sublimation 
during the analysis. The pan can withstand an internal pressure of 2 atm (30 psi). The 
samples were scanned at 10°C/min (or 5°C/min) between -40�C and 200�C. The 
melting point (Tm) and glass transition temperature (Tg) were measured at the onset of 
the respective endothermic changes. Glass transition is a reversible phase transition 
occurring in an amorphous material (e.g. polymer) when it is heated to a certain 
temperature (e.g. glass transition temperature) and is characterized by a change rather 
from a hard, glassy, or brittle condition to a flexible or elastomeric condition. 
Crystallization of amorphous samples was recorded at the onset of exotherm below 
Tm, and the associated enthalpy change (AH) was calculated by integration of the area 
under the exothermic peak. 
To investigate the relationship between water content and Tg, samples were 
stored in a vacuum desiccator over anhydrous CaCli for at least one week. About 3mg 
of spray-dried powders (containing -2% w/w of water) were accurately weighed in a 
volatile pan on an analytical balance (±0.0Img), and left on the balance to absorb 
moisture form air at a relative humidity of 70-80%. As soon as the water content of 
the sample reached 3, 5, 8 or 10% w/w, the volatile pan containing the sample was 
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immediately sealed, and analyzed for both glass transition and recrystallization as 
before. All measurements were performed in triplicate. 
A Perkin Elmer thermogravimetric analyzer (TGA7/DX ) was employed to 
monitor the weight loss of the sample due to water removal and chemical 
decomposition as a function of temperature. Thermogravimetric analysis of sample 
(2-5 mg) was conducted on an open pan using nitrogen as the purge gas at 30 ml/min 
and a scanning rate of 10°C/min (from 50°C to 300°C). The microbalance in the 
TGA7/DX system is highly sensitive and capable of detecting weight changes as low 
as 0.1 \xg. 
2.3.5.8. Surface energy measurement by inverse gas chromatography 
IGC analysis was performed using a Hewlett Packard 5890 Series II gas 
chromatograph system equipped with an integrator and a dual flame ionization 
detector. Hydrogen and compressed air flow rates were set at 30-35 and 330 cmVmin, 
respectively. The injector port was held at 120�C and the detector at 180�C. Inlet 
carrier gas pressure was measured using a CHROMPARK intelligent digital pressure 
gauge (士O.lpsi). The gas flows was controlled by a digital thermometer ADM 1000 
intelligent flowmeter (J&W Scientific, Fisons). The temperature of the oven housing 
the column was kept constant at 40°C throughout the IGC determination. 
Glass columns (30 cm x 2.15 mm i.d.) were deactivated with 5% solution of 
dimethyldichlorosilane in toluene before use. With the aid of a mechanical vibrator (to 
provide a tapping action), sample (with a known weight and surface area) was packed 
into the silanised column, both ends of which were plugged with silanised glass wool. 
IGC data were obtained by flowing nitrogen gas (99.995%) at 10-15±0.1 cm^min'' 
through the packed columns maintained at 40°C. The vapours of liquid probes (of 
>99% purity) were injected using the headspace of a 10 )il Hamilton syringe. The 
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retention times and volumes of the injected probes were determined at infinite 
dilution. Prior to measurements, all samples were allowed to equilibrate at 40°C 
inside the columns with dry nitrogen gas constantly passing through for at least 24 hr 
to ensure that they were completely free from any adsorbed water or residual solvent. 
The packed columns were weighed before and after the experiment to ensure that no 
material was lost during the run. All spray-dried samples were examined by DSC at 
the end of each experiment to ensure that no recrystallization occurred during the 
analysis. 
2.3.5.8.1. Calculation of surface thermodynamic parameters 
2.3.5.8.1.1. Standard Free Energy of Adsorption and Related Thermodynamic 
Parameters 
The experimental parameter measured in IGC for the adsorption of probes on 
the stationary phase (i.e. salbutamol sulphate sample) inside the glass columns is the 
retention time of the probes, which can be converted to the retention volume by the 
following relationship (Schultz and Lavielle, 1989): 
VN=j .F . ( t r - to) (2.2) 
where Vn is the net retention volume, j is a correction factor taking into account gas 
compressibility, F is the carrier gas flow rate, tr is the retention time of the probe and 
to is the void retention time. 
The standard free energy of adsorption, AGA, of the probe on the salbutamol 
sulphate sample can be calculated from VN using the following relationship (Schultz 
and Lavielle, 1989): 
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-AGA = RTln (VNPo/SgBo) (2 .3) 
where T is the column temperature, R is the gas constant, Po is the reference partial 
pressure of the probe, S is the specific surface area of the sample, g is the weight of 
sample, and Bo is the reference state of the bidimensional spreading pressure of the 
adsorbed probe film on the sample. In the present study, AGA was calculated using the 
reference state of De Boer (1968), where Po=1.013x 10^ Pa and Bo=3.38 x 10^ Nm'^ 
Eq. 2.3 may also be expressed in the following form: 
-AGA = RTln Vn + C (2.4) 
where C is a constant encompassing the choice of the standard state for AGA and the 
surface area of the sample. 
To a first approximation, the free energy of adsorption is related to the work of 
adhesion, W a , by the following equation: 
-AGA = NaWA + K (2.5) 
where N is the Avogadro's number, a is the surface area of probe, and K is a constant 
that has been introduced to account for the choice of the standard state of AGA. 
2.3.5.8.1.2. Dispersive Component of Surface Free Energy and Related 
Thermodynamic Parameters 
For adsorption of nonpolar (alkane) probes involving purely dispersive forces, 
the work of adhesion is given by: 
Wa = 2 (YsD)I V T 2 (2.6) 
where ys^ is the dispersive component of surface free energy of the sample and yl^ is 
the dispersive component of surface free energy of the liquid probes. 
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Combining Eqs. 2.4,2.5 and 2.6 affords the following equation: 
RTlnVN = 2aN(YsD)"2(YLD)"2 + Kc (2.7) 
where the constant KC takes into account the choice of the standard state of AGA and 
the surface area of the sample (cf. Eq. 2.3). 
Plot of RT In Vn against a (yl )^^ ^^ according to Eq. 2.7 yields a linear slope of 
2 N (YsDyz2, from which the dispersive component of surface free energy of 
adsorption, ys*^ , can be determined (Schultz and Lavielle, 1989). 
2.3.5.8.1.3. Specific Interactions and Associated Acid-Base Properties 
Polar probes have both dispersive and specific components of surface free 
energy of adsorption. The specific component of surface free energy of adsorption 
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(AGA ) is determined by subtracting the dispersive contribution from the total free 
energy of adsorption, and can be obtained from the vertical distance between the 
alkane reference line (Eq. 2.7) and the polar probes of interest according to the 
following equation (Schultz and Lavielle, 1989): 
-AGA' ' = RTln(VN/VN"') (2.8) 
The polar probes can be described in terms of the Gutmann electron donor and 
electron acceptor numbers (DN and AN). DN defines the basicity or electron donor 
ability of a probe whilst AN defines the acidity or electron acceptor ability. AN*, 
introduced by Fowkes (1990), is a more appropriate quantity than AN to use since it is 
corrected for the contribution from the dispersive forces. DN and AN* can be related 
to the free energy of adsorption for specific interactions, assuming that the entropic 
contribution is negligible (Schultz and Lavielle, 1989). Thus, 
-AGASP / AN* = KA (DN / AN*) + KD (2.9) 
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2.3.5.9. In-vitro deposition measurement by multi-stage liquid impinger 
In-vitro deposition of sample was determined using an Erweka five-stage 
liquid impinger (Erweka International AG, Switzerland) after aerosolisation of the 
sample (packed in a hard gelatin capsule) at 60 1 min'' using a Spinhaler®. Distilled 
water (20-30 ml) was introduced into each of the first four stages of the impinger. A 
filter was placed in stage five of the impinger. The vacuum pump attached to the 
impinger was first calibrated to afford a flow rate of 60±1 1 min-i. An accurately 
weighed sample (100 mg) was loaded into a hard gelatin shell (No. 2) manually under 
dry conditions, and the filled capsule was then mounted into the Spinhaler device. The 
loaded device was then connected via a rubber mouthpiece adapter to the throat piece 
of the impinger. The capsule was punctured by activating the piercing mechanism 
inside the device to release the powder, and the pump was immediately switched on 
for 5s to draw the powder down the impinger. The emptied capsule shell was then 
removed from the inhaler device and the deposition test was repeated twice with two 
more loaded capsules. Once all the three discharged doses had been drawn into the 
impinger, stage five was dismantled and the filter paper carefully washed with fresh 
distilled water (30 ml). A 5-ml aliquot of the washing was transferred to a test tube for 
subsequent drug analysis. Each stage of the impinger was similarly washed with the 
distilled water that was added to the stage prior to the testing, and a 5-ml aliquot of 
the washing was withdrawn for drug analysis. The emptied capsule shells and the 
inhaler device were washed with distilled water and made up to a final volume of 40 
ml. The concentration of salbutamol sulphate in each of the washings collected from 
the five stages of the impinger was determined by UV spectrometry at 276 nm after 
appropriate dilution. Three standard solutions containing 25, 50 and 100 |ig ml'' 
salbutamol sulphate were used for calibration. 
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Deposition of each salbutamol sulphate sample was determined in triplicate 
(with three capsules each time), and the recovered dose, emitted dose and fine particle 
fraction were calculated to define the deposition profile of the sample. The recovered 
dose (RD) is the sum total of the drug recovered from the capsule, inhaler device, 
throat piece and all five stages of the impinger. The emitted dose (ED) is the dose 
emitted from the inhaler device and capsule. Fine particle dose (FPD) is the total 
amount of drug recovered from stages three, four and five (filter). The fine particle 
fraction (FPF) in % is the ratio of the FPD to the RD multiplied by 100. Mass median 
aerodynamic diameter (MMAD) was determined at 50% size from the linear plot of 
the cumulative mass fraction of particles below the stated aerodynamic size on a log 
probability graph paper. Presented in Table 2.10 below are the calculations of the 
cumulative mass fraction below the stated aerodynamic size in the various stages of 
the impinger. 
Table 2.9. Calculations of the cumulative mass fraction below the stated aerodynamic 
size in the various stages of the impinger [British Pharmacopoeia (2000), 
Appendix XIIF. Aerodynamic Assessment of Fine Particles] 
Cut-Off Diameter Mass of Active Cumulative Mass o f C u m u l a t i v e Fraction 
(nm) Ingredient Deposition Active Ingredient of Active Ingredient 
Per Discharge Deposited Per Discharge (%) 
山= 1 . 7 Qi Mass from stage 5’ ms# Q ^ r n ^ F4 = (c4/c)*100 
ds = 3.I Q1 Mass from stage 4, rri, C3 = C4 + raj F3 = (c3/c)*100 
62 = 6.8 Q1 Mass from stage 3, rnj C2 = C3 + mj F2 = (c2/c)*100 
M a s s f r o m s t a g e 2 , m j C = C2 + m � 1 0 0 
# Stage 5 is the filter; Qi = (60/Qy々，where Q is the flow rate in liter per minute; a 
flow rate (Q) of 60 1 min'^ was employed in the present study, and therefore, Qi=l . 
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Chapter Three 
Results and Discussion 
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3.1. Influence of spray drying operating parameters 
The effects of three major spray drying operating parameters, namely, drying 
temperature, feed solution concentration, and solution feed speed on the resulting 
powder properties have been investigated. 
3.1.1. Drying temperature 
Drying temperature represents an important parameter in the spray drying 
process as it influences directly the efficiency of the drying process and the extent of 
potential degradation of the spray-dried powders. An increase in temperature will 
reduce the drying time required, but may augment the decomposition of the material. 
Thus the appropriate drying temperature to be employed is normally a compromise 
between efficiency of drying and stability of product. 
For each drying process, two drying temperatures need be considered, viz. 
outlet drying temperature and inlet drying temperature. Sprayed solution droplets 
emerging from the nozzle of the dryer first experience a considerably high drying 
temperature (inlet temperature). As they traverse down the drying chamber, the 
temperature drops (outlet temperature). It is this change in temperature with distance 
away from the nozzle that determines the efficiency of the drying process. For 
simplicity, the drying temperature referred to in the present study was the outlet 
temperature, which was adjusted by varying the inlet temperature. 
3.1.1.1. Particle size, particle morphology, and specific surface area 
Samples were spray-dried at an outlet temperature of 100, 80，60, 40 and 
20°C. Figs. 3.1a and b show respectively the scanning electron micrographs of an 
unmilled and a milled (micronized) sample of the starting raw material (salbutamol 
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sulphate) employed in the present study. The unmilled crystals were mostly acicular 
prisms while the milled material showed fragmented, irregularly shaped crystals (Fig. 
3.1b). 
Rapid drying at outlet temperatures above the boiling point of the droplet 
solution (>100°C) tended to yield spherical, porous particles with a smooth crusty 
surface and low bulk density. A 'blown-up' morphology was apparent with some 
particles, and this can be attributed to a rapid expansion of highly heated air within the 
particles and concurrent extensive evaporation of solvent below the particle surface 
(Fig. 3.2a). Excessive buildup of internal air pressure led to fracturing and bursting of 
some particles (Fig. 3.2a). 
When the drying temperature was reduced below the boiling point of the 
solvent (<80�C)，solvent evaporation occurred less readily and less uniformly from 
the droplets' surfaces, resulting in the formation of smaller and more compact 
particles with shriveled surfaces (Figs. 3.2c-f). 
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Fig 3.1 a. Scanning electron micrograph of unmilled salbutamol sulphate 
！ E H T = 2000IW WD - 21 mm Signal A - SEI Oat* 10 Nov 2000 
r H Mag: 500 X Photo No. = 9 T 卿：16 32 
^ • • • • K i i n B H H r ^ ^ m i B S B a i i i P ^ i m — — 
Fig. 3.1b. Scanning electron micrograph of milled (micronized) salbutamol sulphate 
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Fig. 3.2a. Scanning electron micrograph of salbutamol sulphate spray-dried at 120�C 
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Fig. 3.2b. Scanning electron micrograph of salbutamol sulphate spray-dried at 100°C 
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Fig. 3.2e. Scanning electron micrograph of salbutamol sulphate spray-dried at 40°C 
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Fig. 3.2f. Scanning electron micrograph of salbutamol sulphate spray-dried at 20°C 
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A schematic diagram showing the possible effects of drying temperature on 
the morphology of spray-dried particles is shown in Fig. 3.2 below. 
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Fig. 3.3. Diagrammatic representation of solid particle formation during the drying 
process at temperature below boiling point 
As presented in Table 3.1, a decrease in outlet drying temperature led to an 
increase in surface area and a decrease in particle size, consistent with the shriveled 
surfaces and smaller particle size of the sample, as observed under the SEM (Figs. 
3.2c-f). It is important to note that the surface area and particle size data for the 
sample prepared at 20°C did not fit into the expected rising and falling trends. This 
may be explained by the fact that a much lower feed rate (i.e., 0.3 g min"') had to be 
used for this sample preparation in order to allow sufficient time for the drying to 
complete. Lower drying temperature also resulted in more sample loss (i.e., a poorer 
yield) due to low drying efficiency. The starting raw materials had a surface area of 
0.31 士0.02 m^g"' and a volume mean size of 75.9土0.5 |im for the unmilled sample and 
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a surface area of 2.32士0.05 m^g'' and a volume mean diameter of 4.88士0.27 jam for 
the micronized sample. Compared with the spray-dried samples, the micronized 
sample had a finer particle size. 
Table 3.1. Specific surface area, volume mean diameter and percentage recovery of 
salbutamol sulphate spray-dried at a feed rate of 0.6 g min'', a solution 
concentration of 10% w/w, and various outlet drying temperatures. 
Outlet Drying Specific Surface Volume Mean Percentage Recovery 
Temperature Area Diameter (%) 
rC) (m'g-') _ 
1 . 0 7 0士 0 . 0 6 8 . 9 0 ± 0 . 1 1 ^ 
8 0 1 . 0 0 2士 0 . 0 5 8 . 5 0士 0 . 2 8 6 2 . 5 
6 0 1 . 1 6 6士 0 . 0 3 6 . 6 3士 0 . 2 4 6 2 . 0 
4 0 1 . 2 7 8 ± 0 . 0 7 6 . 8 5土 0 . 1 5 4 4 . 4 
2 0 1 . 0 5 8 ± 0 . 0 4 6 . 6 8 ± 0 . 2 3 3 1 . 5 
3.1.1.2. Crystallinity, moisture sorption and thermal behaviour 
The X-ray diffraction patterns of the spray-dried samples prepared at various 
outlet drying temperatures displayed broad diffuse maxima and coherent scatters 
instead of sharp defined diffraction peaks, suggesting that the samples are amorphous 
(Fig. 3.4). 
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Fig. 3.4. Powder X-ray diffraction patterns of salbutamol sulphate: starting 
raw material (A); and materials spray-dried at 100�C (B), 6 0 � C (C) and 20°C (D). 
All spray-dried samples had a water content of 2-3% w/w when dried to 
constant weight in vacuum desiccators over anhydrous calcium chloride. The starting 
(crystalline) raw materials had a much lower moisture content, being 0.22±0.01% 
w/w for the unmilled sample, and 0.43±0.01o/o w/w for the micronized powder. The 
difference in water content between the crystalline raw material and the amorphous 
spray-dried sample suggests that the spray-dried material, being thermodynamically 
unstable, showed a stronger tendency to absorb moisture than the crystalline powder. 
The amorphous nature of spray-dried salbutamol sulphate was further 
demonstrated by thermal analysis. The starting crystalline raw material exhibited a 
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melting endotherm preceded by a decomposition exotherm in DSC at around 180-
200°C (Fig. 3.5). TG analysis also revealed a loss of mass around this temperature 
range, corresponding to decomposition upon melting (Fig. 3.5). On the other hand, the 
sprayed-dried samples displayed a glass transition point characteristic of the 
amorphous state of the materials, as indicated by a change in baseline in DSC. In 
addition, a decomposition exotherm preceding melting at 180�C was observed for 
some samples. The exothermic recrystallization peak was subsequently shown to be 
closely linked to the moisture content of the sample. At moisture content below 2% 
w/w, only glass transition but no recrystallization could be seen (Fig. 3.6). However, 
as the moisture content reached 3-4% w/w, glass transition as well as recrystallization 
was clearly discemable (Fig. 3.7). To further investigate the relationship between 
water content and glass transition as well as recrystallization, a spray-dried sample 
containing negligible amount of water was placed on analytical balance in an unsealed 
volatile DSC pan and exposed to a relative humidity of 70-80% (i.e. ambient RH). 
This sample was prepared at an outlet drying temperature of 60°C, and was further 
dried in oven at 60°C prior to DSC analysis. As the moisture content of the sample 
reached 3，5, 8 or 10% w/w, the pan was immediately sealed and analyzed by DSC for 
glass transition and recrystallization. The DSC profiles of these samples are shown in 
Figs.3.8a-d and the associated data are tabulated in Table 3.2. 
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Fig. 3.5. DSC and TG profiles of starting salbutamol sulphate material obtained at a 
heating rate of 10°C min"'. 
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Fig. 3.6. DSC profile of spray-dried salbutamol sulphate containing below 2% w/w 
of water. 
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Fig. 3.8b. DSC profile of spray-dried salbutamol sulphate containing 5% w/w of water. 
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Fig. 3.8c. DSC profile of spray-dried salbutamol sulphate containing 8% w/w of water. 
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Fig. 3.8d. DSC profile of spray-dried salbutamol sulphate containing 10% w/w of water. 
At extremely low water content (i.e. close to 0%), the glass transition was seen 
at ~88°C but no recrystallization peak could be observed. As the water content was 
raised to 2-3% w/w, the glass transition temperature (Tg) dropped and a 
recrystallization exotherm appeared (Fig. 3.8a). Increasing the water content from 3% 
to 10% w/w reduced the Tg from -52° to ~5°C (Table 3.2). The drop in Tg was 
accompanied by a parallel decrease in the recrystallization temperature (1^) from 
-130° to ~66°C. However, the recrystallization enthalpy (AHrc) became more negative 
with increasing water content, reaching a maximum value of -54.2 Jg"' at 8% w/w 
water and reversing in trend thereafter. Thus, it appeared that a threshold water 
content (2-3% w/w) was required for inducing recrystallization of the spray-dried 
samples, possibly by acting as a plasticizer to enhance the molecular mobility and 
rearrangement of the host molecules. Since the magnitude of AHrc reflects the extent 
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of recrystallization of the amorphous samples, the observed trend in AHrc values 
suggests that the recrystallization proceeded rapidly towards completion with 
increasing water content, and with a 10% w/w water content, part of the material 
probably had already recrystallized prior to DSC analysis. This point has been further 
substantiated by moisture sorption studies conducted at defined relative humidities as 
a function of time (see Section 3.2.2.2). 
Table 3.2 Glass transition temperature (Tg), recrystallization temperature (1^), and 
recrystallization enthalpy (AHrc) of spray-dried salbutamol sulphate 
containing various amounts of water 
Water Content (% Glass Transition Recrystallization Recrystallization 
w/w) Temperature, Temperature, Enthalpy, 
Tg(�C> TVe(oC) AH“Jg-丨） 
0 88.4±2.2 ^ 
3 52.1 士 2.4 130.3±6.4 -18.9 士 2.5 
5 48.1 土 2.2 125.4±4.5 -44.0 士 2.2 
8 2 5 . 3士 1 . 8 8 0 . 3士 3 . 3 - 5 4 . 2 ± 1 . 9 
10 5.3 士 1.5 66.5士 2.6 -42.5 土 1.2 
The relationship between the glass transition and water content of the spray-
dried samples was further analyzed by a modified Gordon-Taylor equation, as 
described in Section 3.2.2.2. 
3.1.1.3. Surface thermodynamic properties 
Since drying temperature appeared to exert the most dominant effects on the 
particle morphology and surface features of the spray-dried samples, surface 
thermodynamic measurements by inverse gas chromatography (IGC) were first 
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conducted on the samples prepared at various drying temperatures. The results are 
presented in Figs. 3.9-3.11. 
There were no statistically significant changes in both the dispersive 
component of surface free energy (ys^), and the specific component of surface free 
energy of adsorption (-AGa^'') with drying temperature for the various spray-dried 
samples and liquid probes, although the 丫s�appeared to decrease ( 2 0 � - 60°C) and 
then increase (60° - 100°C), and the -AGa^^ for the polar amphoteric probe, ethyl 
acetate, showed a decreasing trend with outlet drying temperature. The acid and base 
parameters (Ka and Kd), which are derived from -AGa^'' for the purpose of 
quantifying the acidic and basic properties of the surface, respectively, also showed 
very little changes with outlet drying temperature (Fig. 3.11). 
The ys^ values of the amorphous (spray-dried) salbutamol sulphate samples 
prepared at various outlet drying temperatures ranged between 31.9 and 33.8 mJm"^, 
which were smaller than that of the starting raw material, i.e. micronized crystalline 
powder (ys^ = 45.8910.89 mJm"^). The ys^ value of the micronized sample was 
consistent with those reported for crystalline salbutamol sulphate in the literature (e.g. 
38±1 mJm-2 [Ticehurst et al, 1994]; 49 mJm-^ [Feeley et al, 1998]). However, the Ka 
values of the sprayed-dried materials (-0.1) were lower than that of the micronized 
sample (0.28士0.01) while the KD values showed the reverse order (KD=0.49±0.01 for 
the micronized powder). This is consistent with the fact that the micronized sample 
had higher -AGa^' ' for the polar basic probes (e.g. -AGa^^ = 5.71 士0.15 K J mol'' for 
QP n p 
tetrahydrofuran) and lower -AGA for the polar acidic probes (e.g. -AGA = 
1.37士0.09 K J mol"' for chloroform) than those of the spray-dried materials. These 
data suggest that the surface of the micronized sample exhibits stronger acidic forces 
but weaker basic forces than that of those spray-dried powders. 
6 1 
Compared with the micronized crystalline raw material, the spray-dried 
amorphous powders probably have a more energetic but a less heterogeneous surface. 
Since IGC analysis at infinite dilution normally probes only the most active or 
energetic sites of a heterogeneous surface, it is perhaps not surprising that the 
micronized sample displayed a higher ys*^  despite its crystalline nature. As alluded to 
earlier, micronization can increase the surface energy of a material by introducing 
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Fig 3.9. Dispersive component of surface free energy (ys^) of the samples spray-dried 
at various outlet drying temperatures. 
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Fig 3.11. Acid parameter (KA) and base parameter (KD) of the samples spray-dried at 
various outlet drying temperatures. 
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3.1.1.4. Aerodynamic properties and in-vitro deposition 
The spray-dried powders prepared at outlet drying temperatures of 40, 60，80 
and 100°C were determined for aerodynamic particle size (i.e., mass median 
aerodynamic diameter, MMAD) and in-vitro respiratory fraction (i.e., fine particle 
fraction, FPF) using a multistage liquid impinger. The MMAD and FPF data are 
presented respectively in Figs. 3.12 & 3.13. For comparison purposes, an Aerosizer® 
(DSP particle size analyzer 3220, TSI Incorporated, USA) was also employed for 
sizing the particles based on their aerodynamic properties. The volume mean particle 
diameter (VMD) data obtained by the aerosizing technique are shown in Fig. 3.14. 
The sample spray-dried at an outlet temperature of 20°C (with MMAD=5.66±0.24|im, 
FPF=30.6±2.3%, VMD=6.72±0.23^im) was not included in the comparative sizing 
analysis since a different feed speed (i.e., 0.3g min"' instead of 0.6g min"') had been 
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Fig. 3.12. Mass median aerodynamic diameter (MMAD) of the samples prepared at 
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Fig. 3.13. Fine particle fraction (FPF) of the samples prepared at various outlet drying 
temperatures. 
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Fig. 3.14. Volume mean particle size of the samples prepared at various outlet drying 
temperatures. 
As shown in Figs. 3.12 and 3.13, the FPF of the samples decreased from 
33.3% at 40°C to 23.3% at 100°C, consistent with an increase in MMAD with 
increasing outlet drying temperature. The VMD based on aerosizing measurements 
also displayed a significant but a steeper increase with drying temperature. As 
discussed earlier, higher drying temperature resulted in larger, smoother and more 
porous particles while lower temperature favoured the formation of smaller and more 
compact particles with wrinkled surfaces. Thus particle size appears to be a major 
factor influencing the dispersibility and deposition of the spray-dried samples. 
However, compared with the spray-dried samples, the micronized crystalline material, 
though having a lower VMD (4.88±0.27^im), displayed a much lower FPF 
(15.9士O.40/0) and a higher MMAD (6.78±0.21pm), indicative of its more cohesive 
6 6 
nature. The substantial discrepancy between the VMD and MMAD data for the 
micronized sample is probably related to the difference in strength of shearing force 
applied to disperse the powder between the two sizing techniques. In this case, the 
Aerosizer, which utilizes high-velocity air stream to disperse the powder, afford more 
effective separation and more accurate sizing of the inherently cohesive particles. 
3.1.2. Feed solution concentration 
Feed solution concentration is also deemed a critical operating parameter in 
spray drying as it governs the supersaturation level of the sprayed droplets and hence 
the particle size and product yield. 
To determine the range of feed solution concentration that could be used in 
the spray drying process, the aqueous solubilities of salbutamol sulphate at various 
temperatures (20-60®C) were first determined, and the data are presented in Table 3.3. 
All solubility measurements had to be confined to temperatures below 60°C since 
higher temperatures were shown to cause significant chemical degradation. The data 
were analyzed by the van't Hoff plot of In (solubility) against 1/T (Grant et al 1984)， 
which showed good linearity within the temperature range employed (i^=0.9616; 
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Fig. 3.15. Van't Hoff plot of In solubility (molal) of salbutamol sulphate as a function 
of the reciprocal of absolute temperature. 
Table 3.3. Aqueous solubilities of salbutamol sulphate at various temperatures 
Temperature (°C) Solubility 
(molal) 
20 0.522 ±0.005 
30 0. 586 ±0.004 
40 0.605 ±0.014 
50 0.592 ±0.018 
60 0.786 ±0.052 
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3.1.2.1. Particle size, particle morphology and specific surface area 
At a defined outlet drying temperature (60°C) and solution feed rate (0.6g 
mirfi), an increase in feed solution concentration from 2.5 to 30% w/w increased the 
particle size of the samples (Table 3.4), but exerted no apparent effect on the particle 
morphology (Fig. 3.2d). The specific surface area also tended to decrease, as expected 
from the increase in particle size (Table 3.4). The use of more concentrated solutions 
in the spray-drying production process appeared to cause a greater loss of the 
material, as evidenced by a much reduced material recovery. 
Table 3.4. Specific surface area, volume mean diameter and percentage recovery of 
salbutamol sulphate spray-dried at a feed rate of 0.6 g min'', an outlet 
temperature of 60°C, and various salbutamol sulphate concentrations 
Feed Solution Specific Surface Volume Mean Size Percentage Recovery 
Concentration Area (哗） (%) 
(% w/w) 
^ 1.150±0.05 12.26±0.10 m 
2 0 0 . 9 4 3 ± 0 . 0 6 8 . 8 4士 0 . 0 5 5 6 . 1 
1 0 1 . 2 3 7 ± 0 . 0 4 8 . 3 7土 0 . 3 8 5 3 . 1 
5 1 . 1 1 0土 0 . 0 6 6 . 8 0 ± 0 . 1 7 6 3 . 4 
2 . 5 1 . 2 6 4士 0 . 0 3 5 . 4 6 ± 0 . 3 3 6 7 . 0 
3.1.2.2. Crystallinity, moisture sorption and thermal behaviour 
As with the samples prepared at different drying temperatures, the powders 
produced under defined conditions of varying feed solution concentrations were X-ray 
amorphous, showing no distinct diffraction peaks. In addition, their thermal behaviour 
6 9 
in DSC, including glass transition and recrystallization, was also dependent on their 
water content (~2-3% w/w) after storage in vacuum desiccators over anhydrous 
calcium chloride for several weeks. 
3.1.2.3. Surface thermodynamic properties 
Since the spray-dried samples prepared at varying drug concentrations 
exhibited no significant differences in particle morphology and surface features other 
than particle size, the impact of feed solution concentration, if any, on the surface 
energy of the resulting powders was expected to be minimal. In addition, IGC 
analysis of those samples produced at different drying temperatures had not 
demonstrated any significant differences in surface energy despite the fact that the 
samples showed some noticeable differences in particle morphology and surface 
features. Thus IGC studies on the samples prepared at different feed solution 
concentrations were not pursued. 
3.1.2.4. Aerodynamic properties and in-vitro deposition 
Multistage liquid impinger analysis showed that the FPF of the spray-dried 
samples decreased with increasing feed solution concentration (Fig. 3.17), as expected 
from an increase in VMD (Fig. 3.18). However, the increase in MMAD was mild 
compared with that of the VMD. 
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Fig. 3.16. Mass median aerodynamic diameter (MMAD) of the samples prepared at 
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Fig. 3.18. Volume mean particle size of the samples prepared at various feed solution 
concentrations. 
3.1.3. Feed speed 
Feed speed determines the volume of spray solution exiting from the nozzle 
per unit time and thus the particle size of the spray-dried product. 
3.1.3.1. Particle size, particle morphology, and specific surface area 
At a defined drug concentration (20% w/w) and outlet drying temperature 
(60°C), a decrease in solution feed speed led to a decrease in particle size (VMD) and 
an increase in specific surface area. However, there were no discemable changes in 
particle morphology and surface features when the solution feed speed was reduced 
from 2.3 to 0.3 g min"'. 
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Table 3.5. Specific surface area, volume mean diameter and percentage recovery of 
salbutamol sulphate spray-dried at a solution concentration of 20% w/w, 
an outlet temperature of 60°C, and various feed speeds 
Solution Feed Speed Specific Surface Volume Mean Percentage Recovery 
( g min ') Area (m^g"') Diameter (%) 
…m) 
1 3 0 . 9 9 3 土 0 . 0 0 2 9 . 7 6士 0 . 0 5 4 0 4 
1.8 0.872±0.005 9.27±0.17 50.0 
1.2 1.059±0.005 8 .87士0.22 5 0 . 4 
0 . 6 0 . 9 4 3 ± 0 . 0 0 8 8.90士0.05 56.1 
0.3 1.098±0.004 8.39±0.89 48.5 
3.1.3.2. Crystallinity, moisture sorption and thermal behaviour 
As before, the spray-dried samples were all amorphous, as evidenced by an 
absence of sharp peaks in their X-ray diffraction patterns. The thermal properties of 
the samples were strongly dependent on their moisture contents, similar to the case 
with drying temperature as the operating variable. 
3.1.3.3. Surface thermodynamic properties 
Since there were no significant differences in particle morphology and particle 
surface among the samples prepared at different solution feed speeds, IGC 
characterization of the samples was not considered worthwhile. 
3.1.3.4. Aerodynamic properties and in-vitro deposition 
As presented in Fig. 3.20, an increase in solution feed speed afforded a 
7 3 
decrease in FPF, as expected from an increase in particle size (Fig. 3.21). As with the 
case with feed solution concentration as the operating variable, the increase of 
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Fig. 3.19. Mass median aerodynamic diameter (MMAD) of the samples prepared at 
various solution feed speeds. 
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Fig. 3.20. Fine particle fraction (FPF) of the samples prepared at various solution 
feed speeds. 
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Fig. 3.21. Volume mean particle size of the samples prepared at various solution feed 
speeds. 
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In order to demonstrate statistically the link between particle size and FPF, 
linear correlation analysis was performed on FPF and particle size (VMD) data pooled 
from all the samples(Fig. 3.22). A statistically significant correlation between these 
two parameters was found (r=0.841; i^=0.708; n=15), suggesting that particle size is a 
key factor influencing the FPF of the samples. 
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Fig. 3.22. Correlation between fine particle fraction and volume mean particle size of 
the samples prepared under various spray drying conditions. 
In summary, particle size is a major determinant of the dispersibility and 
deposition of the spray-dried samples, as shown by a statistically significant 
correlation between FPF and particle size whereas particle morphology and surface 
energy appear to exert no significant impact on the aerosol performance of the 
powders. Thus in the subsequent studies dealing with the effects of additives, the 
drying temperature, feed solution concentration and feed speed were kept at the low 
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end of their practical ranges (i.e. at 20°C/60°C, 10% w/w and 0.3 g min"' 
respectively) in order to produce finer particles with better dispersibility and to 
determine if additives can further improve the aerosol performance by regulating the 
particle size, particle morphology, surface energy and crystallinity of the powders. 
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3.2. Influence of formulation additives 
The following series of studies were designed to examine the feasibility of 
using approved formulation additives (with GRAS status, i.e. generally regarded as 
safe for human consumption) to control the particle size, particle morphology, surface 
energy and crystallinity of spray-dried salbutamol sulphate powders, all of which can 
affect the dispersibility and aerosol performance of the samples. For these studies, 
lecithin and oleic acid were employed as additives. Since drying temperature was 
shown to exert the most significant impact on particle morphology and surfaces, the 
drug was co-spray-dried with various concentrations of each additive at two different 
outlet drying temperatures, i.e. medium (60°C) and low (20°C), in an attempt to 
provide more time for the additive to induce nucleation and crystallization. 
3.2.1. Influence of lecithin as additive 
o V � 1 + 
H 厂。'、。〜、、 
R1 r 
0 — 0 
R2 
Figure 3.23. Chemical structure of lecithin (Ri and R! are long-chain hydrocarbon 
tails of fatty acid) 
Lecithin is widely used in liposome technology, and is one of the 
glycerophospholipid component of biological membranes. It is ampiphilic, having a 
nonpolar aliphatic moiety and a polar phosphoryl-R group. It has been used as 
7 8 
additive in suspension aerosol formulation to prevent particle aggregation in the 
suspending medium. 
3.2.1.1. Particle morphology, particle size and specific surface area 
The effect of lecithin on the particle morphology and surface texture of the 
samples was not apparent until the lecithin concentration reached 0.5% w/w. Shown 
in Figs. 3.24-3.26 are the scanning electron micrographs of the spray-dried salbutamol 
sulphate samples prepared at 0.5-5% w/w lecithin. 
As disussed in Section 3.1.1.1, low outlet drying temperature (20°C) tended 
to yield smaller, more compact particles with shriveled surfaces, resembling dried 
raisins (Fig. 3.2f). As the outlet drying temperature was raised to 60°C, the presence 
of 0.5% w/w lecithin started to exert a 'smoothening' effect on the particle surface, 
i.e. the surface turned less shriveled. This effect became more pronounced as the 
lecithin concentration was increased through 1% w/w to 5% w/w (Figs. 3.25 and 
3.26), at which hemishperical particles with smooth surfaces were clearly visible. The 
latter morphology was probably due to a non-uniform solvent evaporation rate over 
the surface of the drying droplets; the part of droplet that experienced rapid drying 
turned crusty while the other part was still soft. As drying was continued, the crusty 
part remained round while the soft part shriveled and eventually collapsed into the 
particle centre, thus giving rise to a hemispherical morphology. The non-uniform 
drying rate over the surface of the particles might have been caused by the uneven 
surface distribution of lecithin, which greatly impeded both mass and heat transfer. 
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Fig. 3.24a. Scanning electron micrograph of salbutamol sulphate co-spray-
dried with 0.5% w/w lecithin at an outlet temperature of 60°C. 
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Fig. 3.37b. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.05% w/w oleic acid at an outlet temperature of 20°C. 
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Fig. 3.25a. Scanning electron micrograph of salbutamol sulphate co-spray-
dried with 1% w/w lecithin at an outlet temperature of 60°C. 
P ^ ^ A t 濕 
mm ^ i 
^ H i k � 气 
1 pm MAG = 70.62 K X Sitrwl A-SE1 Oat» 20 Frb 2001 j 1 EHT = 20.C0 kV WO: t4nm Photo No. = 66 i^mc;11r58 Fig. 3.37b. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.05% w/w oleic acid at an outlet temperature of 20°C. 
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Fig. 3.26a. Scanning electron micrograph of salbutamol sulphate co-spray-
dried with 5% w/w lecithin at an outlet temperature of 60°C. 
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Fig. 3.37b. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.05% w/w oleic acid at an outlet temperature of 20°C. 
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Table 3.6a. Specific surface area, volume mean diameter and percentage recovery of 
salbutamol sulphate co-spray-dried with various lecithin concentrations at 
an outlet temperature of 60°C, a feed rate of 0.3 g min"', and a solution 
concentration of 10% w/w. 
Lecithin Specific Surface Volume Mean Percentage Recovery 
Concentration Area ( m V ' ) Diameter (%) 
(% w/w) (nm) 
^ 1.169±0.10 8.72±0.24 ^ 
0 . 0 4 0 . 9 4 2 土 0 . 0 6 8 . 7 6土 0 . 2 0 5 6 . 6 
0 . 0 8 0 . 9 1 8士 0 . 0 5 8 . 2 8土 0 . 5 7 6 0 . 0 
0 . 5 0 1 . 0 4 1 士0.03 8 . 1 7士 0 . 1 2 5 8 . 0 
1 . 0 0 0 . 8 4 4土 0 . 0 7 8 . 1 6士 0 . 1 7 7 4 . 1 
2.00 0 .899土0.05 8.51±0.36 70.0 
5.00 0.905士0.04 8 .97土0.12 6 4 . 3 
Table 3.6b.Specific surface area, volume mean diameter and percentage recovery of 
salbutamol sulphate co-spray-dried with various lecithin concentrations at 
an outlet temperature of 20°C, a feed rate of 0.3 g min'', and a solution 
concentration of 10% w/w. 
Lecithin Specific Surface Volume Mean Percentage Recovery 
Concentration (% Area (m^g"') Diameter (%) 
w/w) (^m) 
^ 1.098±0.08 6.45±0.73 3L50 
0.04 1 . 3 1 4 ± 0 . 0 5 7.81 士0.48 30.30 
0.08 1.356±0.08 7.05士0.48 33.50 
8 3 
0 3 0 1.621 士0.09 7.32±0.13 3 5 J 0 
1.00 1.492士0.10 6 . 8 6 ± 0 . 2 9 29.20 
2.00 1 . 5 6 ± 0 . 0 6 7.82士0.49 39.60 
5.00 1 . 5 8士 0.03 7 . 1 1士 0 . 3 4 40.40 
As shown in Tables 3.6a and b, the use of low drying temperature (20�C) 
tended to produce finer particles with a larger specific area and a low percentage 
recovery. However, the effects of lecithin on the particle size and specific surface 
appeared to depend on the outlet drying temperature. At 60°C, lecithin had no 
apparent effect on both specific surface area and volume mean particle size whereas at 
20�C, lecithin at 0.04-5% w/w afforded a significant increase (-50%) in specific 
surface area. 
3.2.1.2. Crystallinity, moisture sorption and thermal behaviour 
As with the spray-dried samples prepared under different operating conditions, 
all the co-spray-dried mixtures of salbutamol sulphate with lecithin were amorphous, 
as confirmed by powder X-ray diffraction (Fig 3.27). However, the possibility of the 
presence of crystalline micro-domains within the particles could not be entirely ruled 
out as they might not be readily detectable by powder X-ray diffraction due to their 
extremely small size. 
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Fig. 3.27. Power X-ray diffraction patterns of salbutamol sulphate co-spray-dried with 
5% w/w lecithin (A), 0.5% w/w lecithin (B) at 60°C; and with 5% w/w 
lecithin (C), 0.5% w/w lecithin (D) at 20°C. 
DSC profiles of co-spray-dried mixtures of salbutamol sulphate with lecithin 
showed typical amorphous behaviour with characteristic Tg and 丁扣，depending on the 
water content of the sample. A large exothermic peak preceding an endothermic peak 
was observed at around 180°C, indicative of decomposition upon melting. The water 
contents of the spray-dried samples were independent of the additive level, being 
mostly within 2-3% w/w. As before, a salbutamol sulphate sample co-spray-dried 
with 0.5% w/w lecithin (at an outlet drying temperature of 60°C) was subjected to 
moisture sorption at ambient relative humidity, and samples with different sorbed 
amounts of water were analyzed for glass transition and recrystallization behaviours. 
The thermal behaviours and the associated data are presented respectively in Figs. 
3.28a-dand in Table 3.7. 
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Fig. 3.28a. DSC profile of co-spray-dried mixture of salbutamol sulphate with 0.5% w/w 
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Fig.3.28c. DSC profile of co-spray-dried mixture of salbutamol sulphate with 0.5% 
w/w lecithin containing 8% w/w water. 
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Fig. 3.28d. DSC profile of co-spray-dried mixture of salbutamol sulphate with 0.5% w/w 
lecithin containing 10% w/w water. 
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Table 3.7. Glass transition temperature (Tg), recrystallization temperature (Trc), and 
recrystallization enthalpy (AHrc) of co-spray-dried mixture of salbutamol 
sulphate with 0.5% w/w lecithin containing various amounts of water. 
Water Content (% Glass Transition Recrystallization Recrystallization 
w/w) Temperature, Temperature, Enthalpy, 
T g ( � C ) Trc(oc) A H “ J g - l ) 
0 9 6 . 5士 2 . 3 ^ ^ 
3 46.5士3.1 1 3 5 . 4 ± 7 . 6 - 43.8±2.8 
5 2 5 . 4 ± 2 . 8 92.6±6.4 -47.1 士 3.3 
8 1 9 . 8 ± 1 . 5 8 5 . 4 ± 4 . 2 - 5 9 . 2士 2 . 1 
1 0 5 . 1 ± 1 . 1 6 0 . 6 士 3 . 3 - 3 9 . 3 ± 1 . 5 
As shown in Figures. 3.28a-d, the shape of the recrystallization exotherm 
depended on the water content of the sample, being broad for low water content (2-
3% w/w) and very sharp for high water content (8-10% w/w), indicating that 
recrystallization proceeded rapidly with an increase in water content. In addition, the 
temperature at which recrystallization occurred shifted downwards from � 1 3 5 ° to 
~61°C (Table 3.7)，suggesting that less energy was required for inducing the 
recrystallization process. This observation accords with the fact that water can act as a 
plasticizer in amorphous materials. Insufficient water cannot generate enough free 
space for molecular mobility of the amorphous solid, and therefore, recrystallization 
can only happen at high temperature when the molecules acquire ample energy to 
overcome the activation energy barrier against molecular rearrangement. 
Examination of the recrystallization enthalpy values showed that partial 
recrystallization of the samples containing water in excess of 8% w/w might have 
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already occurred prior to DSC analysis, as evidenced by a drop in AHrc of the sample 
with 10% w/w water. Although water has been demonstrated to play an almost 
exclusive role in the recrystallization of the amorphous sample, there has been some 
evidence to suggest that the lecithin may also play a (secondary) role in promoting 
recrystallization. The evidence is based on the moisture sorption and desorption 
behaviour of the samples with and without lecithin, as discussed in Section 3.2.2.2. 
Low drying temperature, coupled with low level of lecithin, also appeared to 
enhance the crystallinity of the apparently amorphous samples, as suggested by the 
DSC data obtained for the co-spray-dried mixture of salbutamol sulphate with 0.04% 
lecithin prepared at an outlet temperature of 20°C. This sample had a higher Trc 
(90.7士5.6°C) and a considerably lower AH c^ (-25.7 土 1.3 Jg"') than the spray-dried 
material that possessed a similar water content (�8o/o) but was prepared at a higher 
inlet drying temperature (60�C) and without the additive (Table 3.2). This suggests 
that the former sample exhibited some degree of crystallinity, possibly in the form of 
crystalline micro-domains since powder X-ray diffraction failed to reveal any 
crystalline phases. Thus it would seem that low drying temperature may be employed 
in conjunction with low lecithin level to promote and possibly to control the 
recrystallization of the spray-dried material. 
As before, the relationship between Tg and water content of the samples was 
analyzed by the Gordon-Taylor equation, and the results are presented in Section 
3.2.2.2. 
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3.2.1.3. Surface thermodynamic properties 
At an outlet drying temperature of 60°C, an increase in lecithin concentration 
led to an initial rise (peak at 2% w/w lecithin) and a subsequent fall in ys^ (Fig. 3.29a) 
op 
while the AGA for all polar probes decreased sharply and then leveled off from 2% 
w/w lecithin onwards (Fig. 3.30a). Consistent with the decreasing AGa trend, the Ka 
and Kd values also exhibited a parallel decrease, reflecting a reduction in both polar 
acidic and basic forces at the particle surface (Fig. 3.31a). The initial rise in ys^ and 
op 
concomitant drop in AGa can be explained by the partial replacement of salbutamol 
sulphate molecules constituting the surface layer of the particles by the lecithin 
molecules, which probably orientated with its nonpolar alkyl groups towards the air 
and polar phosphate group towards the bulk. Upon the addition of lecithin, the lecithin 
molecules, being surface active, would migrate to the surfaces of the rapid-drying 
solution droplets or particles, and displace some of the salbutamol sulphate molecules, 
thereby enhancing the dispersion forces (by its stronger dispersive interaction with the 
adjacent salbutamol sulphate molecules and those immediately beneath) and 
weakening the polar acidic and basic forces (by neutralizing opposite charges and/or 
by masking the acidic and basic groups). However, at higher lecithin concentrations 
(2% w/w and above), the lecithin molecules would have occupied most if not all of 
the entire surface of the particles, leading to a reduction in ys^. The observed ys'^  
value (�32 .2 mJm' ) at very high lecithin concentration (5% w/w) was probably 
reflective of the dispersive surface energy of the lecithin alone if complete surface 
coverage with the lecithin was assumed. As reported by Rousset et al (2002), the ys^ 
values of ground and jet-milled sucrose measured by IGC were 30.3 and 36.5 mJm"^ 
respectively, which were changed to 30.6 and 30.9 mJm'^ after coating with -0.3% 
w/w lecithin. The magnitude of these ys^ values with lecithin is in reasonable 
9 0 
agreement with that observed in the present study for the lecithin-treated salbutamol 
sulphate powders. Similar results were observed for the samples prepared at a lower 
outlet drying temperature, i.e., 20°C (Figs. 3.29b, 3.30b and 3.31b). However, in 
comparison, the low-temperature drying samples displayed only a relatively mild 
initial rise in ys'^  at 0-1% w/w lecithin, which was possibly due to a slightly different 
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Fig 3.29a. Dispersive component of surface free energy (ys^) of the samples co-spray-
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Fig 3.29b. Dispersive component of surface free energy (ys^) of the samples co-spray-dried 
with various lecithin concentrations at an outlet temperature of 20°C. 
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Fig 3.30a. Specific component of surface free energy of adsorption (AGa^p) of the samples co-
spray-dried with various lecithin concentrations at an outlet temperature of 60°C. 
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Fig 3.30b. Specific component of surface free energy of adsorption (AGa^'') of the samples co-
spray-dried with various lecithin concentrations at an outlet temperature of 20°C. 
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Fig. 3.31b. Acid parameter (KA) and base parameter (KD) of the samples co-spray-dried with 
various lecithin concentrations at an outlet temperature of 20°C. 
3.2.1.4. Aerodynamic properties and in-vitro deposition 
As shown in Figs. 3.33a and b, with increasing lecithin concentration, the co-
spray-dried mixtures of salbutamol sulphate and lecithin prepared at 60°C showed a 
decrease in FPF down to a constant level o f - 1 5 % at 1-5% w/w lecithin while those 
generated at 20°C exhibited an increase (peak at 0.04% w/w lecithin) and then a 
decrease in FPF down to a constant minimum of �I80/0 from 2% w/w lecithin 
onwards. As expected from the particle-size-dependence of FPF, the trends in particle 
size (both MMAD and VMD) were approximately the reverse of those of the FPF, 
i.e., the larger the particle size, the lower the FPF and vice versa (Figs. 3.32a,b and 
3.34a，b). However, the change in FPF could not be entirely accounted for by the 
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change in particle size alone, particularly for those samples prepared at low lecithin 
level where particle size alone would not be able to explain the observed increase or 
decrease in FPF. This was particularly so for the samples spray-dried at 20°C in the 
presence of 0.04-0.08% w/w lecithin, which had a mean volume particle size 
comparable to that of the control, but a higher FPF. Furthermore, it has been 
demonstrated that there existed no significant correlation between the FPF and 
particle size (VMD) of the lecithin-treated samples (r=-0.244; n=14; p>0.05), 
suggesting that particle size alone could not explain the difference in FPF among the 
various lecithin-treated samples. This is in contrast to the case where the FPFs of 
those spray-dried samples prepared without the lecithin were shown to be largely 
dependent on particle size (see Section 3.1.3.4). 
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Fig. 3.32a. Mass median aerodynamic diameter (MMAD) of the samples co-spray-
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Fig. 3.32b. Mass median aerodynamic diameter (MMAD) of the samples co-spray-dried 
with various lecithin concentrations at an outlet temperature of 20°C. 
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Fig. 3.33b. Fine particle fraction of the samples co-spray-dried with various lecithin 
concentrations at an outlet temperature of 20°C. 
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Fig. 3.34a. Volume mean particle size of the samples co-spray-dried with various lecithin 
concentrations at an outlet temperature of 60°C. 
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Fig. 3.34b. Volume mean particle size of the samples co-spray-dried with various 
lecithin concentrations at an outlet temperature of 20°C. 
It has also been observed that samples prepared at high lecithin levels (2-5% 
w/w) tended to be cohesive, which could partly explain their much lower FPFs. The 
increased cohesiveness between particles is possibly due to surface coating with the 
lecithin, which has been substantiated by the change in ys^ and AGa^' ' of the particles 
as a function of the additive level, as discussed earlier. Since particle cohesiveness 
could compromise the sizing comparability of the liquid impinger and Aerosizer® and 
result in poor or inconsistent correlation between FPF and particle size, the effect of 
particle size on FPF was reexamined statistically by correlating FPF with specific 
surface area (SSA), which is inversely related to particle size. SSA was deemed a 
more reliable indicator of particle size for the lecithin-treated samples as its 
measurement does not require any particle dispersion, which is a problem with 
9 8 
cohesive powders. In addition, SSA reflects the whole particle size distribution rather 
than the mean particle size. The correlation analysis afforded a much improved 
correlation coefficient (产-0.419; n=14; p>0.05), albeit still statistically insignificant. 
However, when all the other important factors (i.e. IGC parameters, viz. 丫S。，KA, KD) 
were included in the correlation analysis, SSA became significant (p=0.000135) in the 
presence of Ka, which alone was a highly significant correlating factor of FPF (r=0.717) 
while Ys^  and Kd had no apparent link with FPF. Both SSA and Ka and together accounted 
for about 88% of the observed variation in FPF (multiple r^  = 0.8775; r=0.937; n二 14; p<0.05). 
It is important to note that the statistical insignificance of Kd was merely due to a strong 
correlation between Ka and Kd (i.e., parallel relationship), which masked the contribution 
of Kd . In other words, the individual information that the Ka and Kd parameters 
provide overlap substantially, and their relative contribution cannot be assessed. Since 
Ka had a stronger correlation than Kd with FPF (Fig. 3.35a and Fig. 3.35b, r=0.717 
versus 0.708)，multiple correlation analysis involving these two regressors together 
would result in only Ka being statistically significant. Based on the signs of the 
regression coefficients (positive for Ka and negative for SSA), it could be inferred 
that FPF decreased with increasing SSA and with decreasing Ka . The decrease of FPF 
with increasing SSA is probably due to increased particle cohesiveness, a direct 
consequence of increased interparticulate contact. The decrease of FPF with 
decreasing Ka may be attributed to reduced particle dispersion, a possible 
consequence of decreased electrical repulsion between the charged acidic groups 
present on separate particles. As alluded to in the preceding section, the decrease in 
charge repulsion is probably associated with the charge neutralizing or shielding 
effects of lecithin adsorbed on the particle surface. 
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3.2.2. Influence of oleic acid as additive 
i 
Figure 3.36 Chemical structure of oleic acid 
Oleic acid [CH3(CH2)7CH=CH(CH2)7COOH; MW= 282.47)] is an unsaturated 
fatty acid occurring widely in plants and animals. As with lecithin, it has been 
employed in suspension aerosol formulation to prevent aggregation of the suspending 
particles. 
3.2.2.1. Particle morphology, particle size and specific surface area 
As before, the use of low outlet temperature (20°C) for drying the samples 
tended to produce more compact particles with depressed surfaces (Figs. 3.37-3.39). 
Increasing the level of oleic acid from 0.05 to 0.5% w/w appeared to produce rounder 
and smoother particles. Occasionally, a few hemispherical particles were observed at 
relatively high additive level (0.5% w/w). This hemispherical morphology is likely due 
to non-uniform solvent evaporation rate over the drying droplets' surfaces, resulting in 
partial crusting of the particles and eventual collapsing of the other relatively soft part, 
as explained earlier. 
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Fig. 3.37a. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.05% w/w oleic acid at an outlet temperature of 60°C. 
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Fig. 3.37b. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.05% w/w oleic acid at an outlet temperature of 20°C. 
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Fig. 3.38a. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.1% w/w oleic acid at an outlet temperature of 60°C. 
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Fig. 3.38b. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.1% w/w oleic acid at an outlet temperature of 20°C. 
1 0 3 
MAG = 10 CJ0K X A = SE1 
I 1 EHT r 20 M ;VD" 10 irm Ph«ti No : 66 
Fig. 3.39a. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.5% w/w oleic acid at an outlet temperature of 60°C. 
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Fig. 3.37b. Scanning electron micrograph of salbutamol sulphate co-spray-dried with 
0.05% w/w oleic acid at an outlet temperature of 20°C. 
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As shown in Table 3.8a, an increase in oleic acid concentration led to an 
increase in SSA and a decrease in the VMD when the samples were spray-dried at an 
outlet temperature of 60°C. The percentage recovery of the materials (60-70%) was 
generally independent of the oleic acid concentration employed. In contrast, when the 
outlet drying temperature was reduced to 20°C, an increase in oleic acid concentration 
brought about not only an increase in SSA, but also an increase in VMD. The 
discrepancy in VMD between the samples dried at 60°C and those at 20°C was 
probably due to a significant increase in particle cohesiveness with the latter samples, 
which had resulted in a an apparently larger VMD as measured by the Aerosizer®. 
Lower drying temperature also tended to afford poorer product yield, about 30-50%. 
Table 3.8a.Specific surface area, volume mean diameter and percentage recovery of 
salbutamol sulphate co-spray-dried with various oleic acid concentrations at 
an outlet temperature of 60°C, a feed rate of 0.3 g min'\ and a solution 
concentration of 10% w/w. 
Oleic Acid Specific Surface Volume Mean Percentage Recovery 
Concentration Area (m^g"') Diameter (%) 
(% w/w) (^im) 
^ 1 . 1 6 9 士 0 . 1 0 8 . 7 2 ± 0 . 2 4 
0.04 1.14±0.06 8.54±0.42 67.6 
0.05 1.29士0.05 8.23士0.29 65.4 
0 . 0 8 1 . 1 3 士 0 . 0 3 7 . 2 6 ± 0 . 2 5 6 7 . 5 
0.10 1 .252土0.07 7.35±0.21 71.8 
0 . 2 0 1 . 3 7 士 0 . 0 5 6 . 7 9士 0 . 3 5 6 7 . 0 
0.50 1.48+0.04 6.43±0.25 64.2 
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Table 3.8b.specific surface area, volume mean diameter and percentage recovery of 
salbutamol sulphate co-spray-dried with various oleic acid concentrations at 
an outlet temperature of 20°C, a feed rate of 0.3 g min'', and a solution 
concentration of 10% w/w. 
Oleic Acid Specific Surface Volume Mean Percentage Recovery 
Concentration Area (m^g"') Diameter (%) 
(% w/w) (^m) 
r.098±0.08 6.45±0.73 JTs 
0 . 0 4 1 . 4 4土 0 . 0 6 6 . 8 2 ± 0 . 1 6 3 7 . 2 
0.05 1.62±0.05 6.62±0.30 50.1 
0.08 1.35±0.03 5.92±0.29 35.8 
0.10 1.49±0.07 6 .16士0.35 47.8 
0.20 1.56士0.05 8.25±0.80 33.4 
0 . 5 0 1 . 5 8士 0 . 0 4 8 . 3 0 土 0 . 4 7 5 1 . 6 
3.2.2.2. Crystallinity, moisture sorption and thermal behaviour 
Again, all the spray-dried samples prepared at either 20° or 60°C and at various 
oleic acid levels revealed no crystalline phases, as confirmed by powder X-ray 
diffraction (Fig. 3.40). 
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Fig. 3.40. Powder X-ray diffraction patterns of salbutamol sulphate co-spray-dried 
with 0.5% w/w oleic acid (A), 0.05% w/w oleic acid (B) at 60�C; and with 
0.5% w/w oleic acid (C), 0.05% w/w oleic acid (D) at 20�C. 
Similar to the case with the spray-dried samples prepared with and without the 
lecithin, the thermal behaviours (including glass transition and recrystallization) of the 
oleic-acid-treated samples were largely dependent on the water content (mostly within 
2-3% w/w). Presented in Figs. 3.41a and b are the DSC profiles of two oleic-acid-
treated samples containing different water contents. The samples were prepared using a 
salbutamol sulphate concentration of 10% w/w, an oleic acid level of 0.04% w/w, a 
feed speed of 0.3 g min"' and an outlet drying temperature of 60°C. As described in 
Sections 3.1.1.2 and 3.2.1.2, different water contents (3-10% w/w) were obtained by 
exposing the sample to ambient relative humidity (70-80%) for different time periods. 
The data are summarized in Table 3.9. 
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Fig. 3.41a. DSC profile of co-spray-dried mixture of salbutamol sulphate with 0.04% 
w/w oleic acid containing 2-3% w/w water. 
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Fig. 3.41b. DSC profile of co-spray-dried mixture of salbutamol sulphate with 0.04% 
w/w oleic acid containing 10% w/w water. 
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Table 3.9. Glass transition temperature (Tg), recrystallization temperature (Tn；), and 
recrystallization enthalpy (AHn；) of co-spray-dried mixture of salbutamol 
sulphate with 0.04% w/w oleic acid containing various amounts of water. 
Water Content Glass Transition Recrystallization Recrystallization 
(% w/w) Temperature, Tg Temperature, Trc Enthalpy, AHrc 
( � C ) ("C) (jg-i) 
0 95.7±3.2 NA ^ 
3 5 2 . 3 ± 2 . 8 1 5 1 . 8 士 6 . 8 - 2 7 . 3 土 3 . 8 
5 4 4 . 8 ± 2 . 3 1 0 9 . 9 士 5 . 9 - 3 4 . 2 士 2 . 5 
8 36.5±2.5 97.2±5.4 -54.2±2.3 
10 4.22土 1.8 68.8士 2.9 -20.1 士 3.2 
As shown in Table 3.9，the Tg and T^ dropped progressively in parallel as the 
water content of the samples was raised from 3 to 10%. Accompanied the decrease in 
Trc was an increase in AHrc which attained a peak value of -54.2 J g'' at 8% water and 
dropped thereafter. The decrease in AHrc at 10% water can be explained by partial 
recrystallization prior to the DSC analysis. As explained before, the recrystallization of 
the spray-dried samples in DSC was largely promoted by the plasticizing effect of 
water above a threshold content of 2% w/w. Other potential crystallinity-determining 
factors were the outlet drying temperature and the additive level employed. Again, low 
outlet drying temperature appeared to favour the formation of microcrystalline phases, 
as evidenced by the thermal data obtained for a sample that was prepared at the same 
additive level (0.04% w/w), but at 20°C. This sample was subjected to moisture 
sorption under ambient conditions until it absorbed about 8% water prior to DSC 
analysis. The sample was found to have a Tn： of 95.5士6.2oC and a AH^ of-37.0±4.3 J 
g-i，which was significantly lower than that of the sample prepared at 6 0 � C (Table 3.9). 
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This suggests that partial recrystallization might have occurred during the spray drying 
process, possibly in the form of crystalline micro-domains since powder-X-ray 
diffraction could not reveal the presence of any crystalline phases. 
To further probe the influence of water (and additives) on the phase transition 
of the amorphous spray-dried samples, the dependence of Tg on water content was 
analyzed by the Gordon-Taylor equation. 
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Fig. 3.42. Relationship between glass transition temperature (Tg) and water content of 
salbutamol sulphate spray dried alone (A) or co-spray-dried with 0.5% w/w 
lecithin (B) or 0.04% w/w oleic acid (C). The lines depict the Gordon-
Taylor prediction curves. The error bars represent the standard deviations of 
4 determinations. 
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Fig. 3.43. Recrystallization temperature of salbutamol sulphate spray dried alone (A) 
or co-spray-dried with 0.5% w/w lecithin (B) or 0.04% w/w oleic acid (C). 
The error bars represent the standard deviations of 4 determinations. 
The Gordon-Taylor equation is based on simple solution theories with the 
assumptions of perfect additivity of volume at Tg and no specific interactions between 
the components involved (Gordon, 1952; Hancock and Zografi, 1994, 1997). 
For a simple two-component mixture (e.g. salbutamol sulphate and water), 
Tg w-s = (WwTgw+KWsTgs)/(Ww + KWs) (3.1) 
where Tg is the glass transition temperature of mixture of water and salbutamol 
sulphate; Ww and Ws are the weight fractions of water and salbutamol sulphate (Ww = 
weight of water/total weight of sample; Ws = 1-Ww). The constant Kin Eq. 3.1 can be 
1 1 1 
calculated from the densities (pw, ps) and the glass transition temperatures (Tgw, 丁gs) 
of water and amorphous salbutamol sulphate as follows: 
K = (Tgwpw)/(Tgsps) (3.2) 
According to simple solution theories, Eq. 3.1 would afford reasonably good 
prediction of Tg of the amorphous salbutamol sulphate based on its water content, since 
water is considerably smaller in molecular size than salbutamol sulphate, and the 
mixing of the two together in the solid state will make near ideal contributions to the 
overall free volume of the mixture. 
In the present data analysis involving Eq. 3.1, the weight contribution of the 
additive (0.04% w/w oleic acid or 0.5% w/w lecithin) was ignored in the calculation 
for ease of interpretation. The constant K was estimated from experimental data by 
curve fitting and compared to the value calculated from literature data. For the latter 
calculation, Tgw was taken as 135K (Saleki-Gerhardt and Zografi, 1994), Tgs as 36IK, 
and ps as 1.28 gem" (Chawla et al, 1992). The experimental K value was 0.211 士0.025 
for the spray-dried sample with no additive, 0.210±0.041 for the co-spray-dried sample 
containing 0.04% w/w oleic acid and 0.169士0.030 for the co-spray-dried powder 
containing 0.5% lecithin. The fitted Tgs values of the three samples were 360.2士5.3K， 
363.7±9.0K and 362.8±9K respectively. These Tgs were in good agreement with the 
ones determined experimentally (see Tables 3.2, 3.7 and 3.9). The K values, however, 
differed from that calculated from literature data (0.298), particularly for the lecithin-
treated sample. The similarity in experimental K between the pure and oleic-acid-
treated sample reflected negligible effect of low-level oleic acid (0.04%) on Tgs while 
the relatively low K value with the lecithin-treated sample indicated a significant effect 
of lecithin on Tgs at the 0.05% level employed. Presented in Fig. 3.42 are the 
experimental Tg values of the various spray-dried samples as a function of water 
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content together with the predicted curves based on Eq. 3,1. 
As indicated in Sections, 3.1.1.2, and 3.2.1.2, the presence of water and to a 
lesser extent additive could promote the recrystallization of the amorphous spray-dried 
salbutamol sulphate samples. To investigate this point further, a series of gravimetric 
moisture sorption measurements were conducted as a function of time at a defined 
relative humidity on several salbutamol sulphate samples spray-dried with and without 
the additives. The samples were equilibrated over various saturated salt solutions, 
which created different defined relative humidities (23, 44，58, 75.5 and 85%) 
according to their relative vapour pressures, as described in Materials and Methods 
Section. The moisture sorption studies would provide valuable information on the roles 
of water in mediating the recrystallization of the spray-dried samples under various 
defined humidity conditions. Presented in Figs. 3.44a-e are the isothermal moisture 
sorption-time profiles of selected spray-dried samples. 
At 23% RH, no significant moisture sorption by the various spray-dried 
samples was observed over a period of 700 hours (Fig. 3.44a). The moisture sorption at 
time zero simply reflected the starting water content of the material. At 43.1% RH, the 
moisture sorption of the samples rose gradually with time, reaching a maximum of 
�3.80/0 for the sample co-spray-dried with 0.1 % oleic acid (Fig. 3.44b). As the RH was 
raised to 59%, different moisture sorption (rising slope) and desorption (falling slope) 
profiles were obtained for the various samples (Fig. 3.44c). The moisture sorption 
phase (initial rise) was associated with water uptake by the amorphous solid while the 
moisture desorption phase (subsequent fall) was a result of water expulsion from the 
material as it started to recrystallize. The rising and falling slopes of the moisture 
sorption/desorption-time profiles indicate the relative rate or ease of water uptake and 
recrystallization of the samples. The peak maximum of the profile corresponds to a 
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steady state water content where the rate of sorption is equal to the rate of desorption. 
Rapid moisture uptake normally leads to rapid moisture desorption or recrystallization 
and vice versa. As shown in Fig. 3.44c, moisture desorption or recrystallization 
occurred more readily with the additive-treated samples, which followed the order: 
0.5% oleic acid > 1% lecithin > 0.1% oleic acid > 0.1% lecithin > 0% additive. The 
recrystallization rates of the samples were markedly augmented when the RH was 
further raised to 75.5 and 85 % (Figs. 3.44d-e). Indeed, the recrystallization took place 
in less than 30 minutes, particularly for the additive-treated samples, as illustrated by 
the change in X-ray diffraction pattern of a representative sample after being exposed 
to an RH of 85% for various time periods (Fig. 3.45). For the spray-dried sample 
containing no additive, maximum attainable water content at 59%RH was �8o/o which 
was elevated to 11% and 12% at 75.5% and 85% RH respectively. Other additive-
treated samples had lower maximum water contents, depending on their rate of 
moisture desorption or recrystallization. 
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Fig. 3.44a. Moisture sorption — time profiles of crystalline salbutamol sulphate raw 
material (Salb Cry), spray-dried salbutamol sulphate (Salb Sp) and co-
spray-dried mixtures of salbutamol sulphate with lecithin (0.1, 1% w/w) 
and oleic acid (0.1，0.5% w/w) at a relative humidity of 23 %. 
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Fig. 3.44b. Moisture sorption - time profiles of crystalline salbutamol sulphate raw 
material (Salb Cry), spray-dried salbutamol sulphate (Salb Sp) and co-
spray-dried mixtures of salbutamol sulphate with lecithin (0.1，1% w/w) 
and oleic acid (0.1, 0.5% w/w) at a relative humidity of 43.1%. 
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Fig. 3.44c. Moisture sorption — time profiles of crystalline salbutamol sulphate raw 
material (Salb Cry), spray-dried salbutamol sulphate (Salb Sp) and co-
spray-dried mixtures of salbutamol sulphate with lecithin (0.1，1% w/w) 
and oleic acid (0.1，0.5% w/w) at a relative humidity of 59%. 
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Fig. 3.44d. Moisture sorption - time profiles of crystalline salbutamol sulphate raw 
materials (Salb Cry), spray-dried salbutamol sulphate (Salb Sp) and co-
spray-dried mixtures of salbutamol sulphate with lecithin (0.1, 1% w/w) 
and oleic acid (0.1, 0.5% w/w) at a relative humidity of 75.5%. 
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Fig. 3.44e. Moisture sorption 一 time profiles of crystalline salbutamol sulphate raw 
materials (Salb Cry), spray-dried salbutamol sulphate (Salb Sp) and co-
spray-dried mixtures of salbutamol sulphate with lecithin (0.1, 1% w/w) 
and oleic acid (0.1，0.5% w/w) at a relative humidity of 85.1%. 
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Fig. 3.45. Powder X-ray diffraction patterns of co-spray-dried mixtures of salbutamol 
sulphate with 0.1% w/w oleic acid that have been exposed to a relative 
humidity of 85% at 2 0 � C for (A) 0, (B) 30 and (C) 300 minutes. 
Recrystallization of the spray-dried samples was virtually completed in 360 
hours after being exposed to an RH of 75.5 or 85%, as confirmed by powder X-ray 
diffraction (Fig. 3.46). The final diffraction pattern of the samples was identical to that 
of the starting crystalline raw material. Fig. 3.47 illustrates the formation of solid 
bridges between particles of a spray-dried salbutamol sulphate sample after absorption 
of 4-5% water. 
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Fig. 3.46. Powder X-ray diffraction patterns of crystalline salbutamol sulphate raw 
material (A) and spray-dried salbutamol sulphate powders exposed to 
relative humidities of 75.5% (B) and 85% (C) for 360 hours. 
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Fig. 3.47. Scanning electron micrographs of spray-dried salbutamol sulphate sample 
after sorbing 4-5% w/w water. 
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3.2.2.3.Surface thermodynamic properties 
IGC analysis of the samples demonstrated that an increase in oleic acid 
concentration had no significant impact on the ys^ (Figs. 3.48a,b), but caused a rapid 
CP 
decline in -AGA for all the polar acidic and basic probes, which leveled off from 
op 
0.2% w/w oleic acid onwards (Figs. 3.49a,B). Accompanied the reduction of -AGA 
were decreases in both Ka and Kd (Figs. 3.50a,b), reflecting weakening of both acidic 
(electron acceptor) and basic (electron donor) forces, possibly resulting from charge 
neutralization or shielding on both acidic and basic groups by surface-adsorbed oleic 
acid molecules, as discussed in Section 3.2.1.3. The lack of change in ys^ with 
increasing amount of surface-adsorbed oleic acid can be explained by the similarity in 
dispersive surface energy of salbutamol sulphate (ys^ ~ 32 mJm'^) to oleic acid 
(Figs.3.48a,b), which has a reported surface tension of 33 mJm'^ at 20°C (Handbook of 
Physics and Chemistry, 1983). 
Lowering the outlet drying temperature from 60° to 20°C did not significantly 
alter the trends in ys^, -AGa^' ' , K a and Kd with respect to the oleic acid concentration 
QP 
(Figs. 3.48-3.50). However, all the -AGA , KA and KD values were significantly lower 
for the low-temperature drying samples at oleic acid concentration > 0.1% w/w, 
suggesting that low-temperature drying augmented the charge shielding effect of oleic 
acid at higher concentrations, possibly by allowing more oleic acid molecules to 
assume a favourable orientation to interact with the charged groups of salbutamol 
sulphate at the surface. 
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Fig. 3.48a. Dispersive component of surface free energy (ys^) of the samples co-spray-dried 
with various oleic acid concentrations at an outlet temperature of 60°C. 
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Fig 3.48b. Dispersive component of surface free energy (ys^) of the samples co-spray-dried 
with various oleic acid concentrations at an outlet temperature of 20°C. 
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Fig 3.49a. Specific component of surface free energy of adsorption (AGA ) of the samples 
co-spray-dried with various oleic acid concentrations at an outlet temperature of 
60°C. 
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Fig 3.49b. Specific component of surface free energy of adsorption (AGa^'') of the samples co-
spray-dried with various oleic acid concentrations at an outlet temperature of 20°C. 
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Fig. 3.50a. Acid parameter (KA) and base parameter (KD) of the samples co-spray-dried 
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Fig. 3.50b. Acid parameter (KA) and base parameter (KD) of the samples co-spray-dried 
with various oleic acid concentrations at an outlet temperature of 20°C. 
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3.2.2.4. Aerodynamic properties and in-vitro deposition 
At an outlet temperature of 60°C, raising the oleic acid concentration beyond 
0.2% w/w led to a significant increase in MMAD of the samples (Fig. 3.51a). The 
corresponding FPFs, however, fell progressively with increasing oleic acid 
concentration (Fig. 3.52a). In contrast to the MMAD data generated by the liquid 
impinger technique, the VMD of the samples, as determined by the Aerosizer®, 
showed a gradual decreasing trend with increasing oleic acid concentration (Fig. 
3.53a). The discrepancy in particle size trend between the two sizing techniques is 
probably related to the relative inability of the liquid impinger to generate sufficient 
shear force to disperse the apparently cohesive powders during the measurement. 
As the outlet temperature used for drying the samples was lowered to 20°C, an 
elevation of the oleic acid concentration caused an initial drop in MMAD to a 
minimum at 0.05% w/w followed by a sharp rise in MMAD (Fig. 3.51b). Consistent 
with the change in MMAD, the FPFs rose initially to a maximum at 0.05% w/w oleic 
acid and fell progressively thereafter (Fig. 3.52b), Unlike the materials dried at 60°C, 
the VMD of these low-temperature drying samples displayed a similar trend to that of 
MMAD (Fig. 3.53b), indicating that these samples were more cohesive, and the 
Aerosizer® probably experienced similar problem in dispersing the powders properly. 
As discussed earlier, excessive surface coverage of the powders with additive could 
lead to increased particle cohesiveness, depending on the chemical nature of the 
additive. With oleic acid as a surface-adsorbed additive, it appeared that the surface of 
the spray-dried materials became progressively more cohesive as more additive was 
adsorbed at the surface. The presence of additive at the particle surface and the 
associated increase in particle cohesiveness have been largely reflected by the change 
in IGC energy parameters (see Section 3.2.2.3), particularly in -AGa^'', Ka and Kd. 
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Fig. 3.51a. Mass median aerodynamic diameter (MMAD) of the samples co-spray-dried 
with various oleic acid concentrations at an outlet temperature of 60°C. 
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Fig. 3.51b. Mass median aerodynamic diameter (MMAD) of the samples co-spray-dried 
with various oleic acid concentrations at an outlet temperature of 20°C. 
1 2 8 
40 -
- 3 0 - ^ T 
£ i 
§ 25 — \ 
o \ \ 
2 \ 
ii_ 20 — 
o 
o \ � T 




0 + I I I I 丨 I 
0 0.1 0.2 0.3 0.4 0.5 0.6 
Oleic Acid Concentration (% w/w) 
Fig. 3.52a. Fine particle fraction of the samples co-spray-dried with various oleic acid 
concentrations at an outlet temperature of 60°C. 
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Fig. 3.52b. Fine particle fraction of the samples co-spray-dried with various oleic acid 
concentrations at an outlet temperature of 20°C. 
1 2 9 
10.0 — 
H 
8.0 - \ 
I ^ ^ ^  
— 6 . 0 f 
® 
T3 
•f 4.0 一 (0 Q. 
2.0 — 
1 ‘ 
0.0 + 1 I ~ I I 1 f 
0 0.1 0.2 0.3 0.4 0.5 0.6 
Oleic Acid Concentration (% w/w) 
Fig. 3.53a. Volume mean particle size of the samples co-spray-dried with various oleic 
acid concentrations at an outlet temperature of 60°C. 
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Fig. 3.53b. Volume mean particle size of the samples co-spray-dried with various oleic 
acid concentrations at an outlet temperature of 20°C. 
1 3 0 
Employing the same approach for the lecithin-treated samples, correlation 
analysis between FPF and SSA with and without the inclusion of IGC energy 
parameters was performed on all the oleic acid co-spray-dried samples. Particle size 
(VMD) was not considered in this analysis since its correlation with FPF was 
insignificant (r=0.139; p>0.05). Similar to the case with the lecithin co-spray-dried 
mixture, SSA per se of the oleic-acid-treated materials showed a much better (albeit 
insignificant) correlation (r=0.375; p>0.05) with FPF than did VMD. Inclusion of the 
IGC dispersive and specific energy parameters in the correlation analysis showed that 
only the Kd parameter was significantly correlated with FPF (r=0.816; p<0.05, Fig. 
3.54). This suggests that the observed decrease in FPF with increasing oleic acid 
concentration is likely due to a reduction of polar basic forces (possibly by charge 
neutralization or shielding of the basic groups) at the particle surface. 
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Fig. 3.54. Correlation between fine particle fraction and base parameter of oleic acid 
co-spray dried samples. 
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In summary, the dispersion of the salbutamol sulphate samples co-spray-dried 
with lecithin or oleic acid appeared to depend largely on specific (polar) surface 
interactions, as demonstrated by the significant correlation between FPF and Ka for the 
lecithin-treated samples and between FPF and Kd for the oleic-acid-treated materials. 
Strong polar specific forces were believed to be essential for facilitating particle 
dispersion through electrical repulsion between similarly charged groups. The presence 
of lecithin or oleic acid at particle surface could effectively neutralize or shield these 
charged groups, thereby enhancing the cohesiveness and reducing the dispersibility of 
the particles. 
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Charpter Four 
Conclusions and Future Work 
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4.1. Conclusions 
The influence of three spray drying operating parameters (drying temperature, 
feed solution concentration and feed speed) and two formulation additives (lecithin 
and oleic acid) on the physical properties, surface energetics and dispersibility of 
resulting salbutamol sulphate powders have been investigated. The findings are 
summarized in the sections below. 
4.1.1. Influence of spray drying operating parameters 
All the spray-dried samples produced under the various defined operating 
conditions were amorphous, as confirmed by powder X-ray diffraction (PXRD) and 
differential scanning calorimetry (DSC). The amorphous powders absorbed moisture 
readily. Depending on its moisture content, each sample displayed a characteristic 
glass transition temperature (Tg) and a recrystallization temperature (Trc) in DSC. 
Both Tg and Trc were seen to shift downwards (i.e decrease) with increasing moisture 
content. There appeared to be threshold moisture content (>2% w/w) for 
recrystallization to occur. The dependence of Tg on moisture content could be 
adequately described by the Gordon-Taylor equation. The above observations are 
consistent with the well-documented plasticizing effect of water in amorphous solids 
where the water can substantially increase the free space and mobility of the host 
molecules, thereby promoting molecular rearrangement and recrystallization (by 
lowering the activation energy required). 
Drying temperature exerted a significant impact on the particle morphology. 
High drying temperature (>100°C) tended to produce spherical porous particles with a 
smooth crusty surface while low drying temperature (< 100°C) afforded more 
compact particles with shriveled surfaces. At a defined solution concentration (10% 
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w/w) and solution feed speed (0.6 g min"'), an increase in drying temperature from 
4 0 �t o 100°C afforded larger particles (i.e. larger VMD) and FPF. Despite the 
observed differences in particle morphology and surface features, surface analysis of 
the various samples by IGC at infinite dilution revealed no statistically significant 
differences in ys'^ , -AGa^p for both acidic and basic probes, and the K a and Kd 
parameters among the samples. All of these observations suggest that FPF is 
dependent on VMD, but not on surface energy. 
At a defined outlet drying temperature (60°C), a change in either the feed 
solution concentration or feed speed had no apparent effect on the particle 
morphology. However, the VMD increased while the FPF decreased with increasing 
feed solution concentration or feed speed. The MMADs of the samples calculated 
from the different size fractions collected in the multistage liquid impinger were in 
close agreement with the VMD data. 
Correlation analysis revealed a statistical significant correlation of FPF with 
VMD, but not with specific surface area (SSA) for all the samples, suggesting that the 
aerosol performance (in terms of FPF) of the samples depend largely on particle size. 
4.1.2. Influence of formulation additives 
As with the samples prepared without additive, the samples co-spray-dried 
with lecithin or oleic acid were essentially amorphous and showed characteristic 
moisture-sorption-dependent glass Tg and Trc in DSC and an absence of distinct peaks 
in PXRD. The dependence of Tg on water content of the samples could also be 
similarly described by the Gordon-Taylor equation. In addition to water, the two 
additives (lecithin and oleic acid) could promote the recrystallization of amorphous 
salbutamol sulphate, as evidenced by the more rapid moisture sorption and desorption 
1 3 5 
rates exhibited by the additive-treated samples at RH 59-85% compared with the 
untreated samples. 
At an outlet drying temperature of 60°C, increasing the lecithin concentration 
led to rounder particles with less shriveled surface and a substantial decrease in FPF 
(constant beyond 2% w/w lecithin), but insignificant changes in both VMD and 
MMAD. Lowering the drying temperature to 20°C afforded smaller, more compact 
particles, but somewhat similar concentration-dependent trends in VMD, MMAD, and 
FPF. With increasing lecithin concentration, the —AGa^p, decreased sharply for all 
polar probes (constant beyond 1 % w/w lecithin) while the Ys^  showed relatively small 
increases with maxima at �l-2o/o w/w lecithin. The K a and Kd parameters derived 
from -AGa^p also exhibited similar decreases, reflecting a weakening of both acidic 
and basic forces, possibly due to shielding or neutralization of the respective charged 
groups by adsorbed lecithin. Correlation analysis showed that FPFs were strongly 
correlated with SSA and Ka (multiple r=0.937; p<0.05), but not with Y s� o r VMD. 
Based on the signs of the regression coefficients (negative for SSA and positive for 
Ka), it appears that the reduced FPFs of lecithin-treated samples are due to increased 
particle cohesiveness, possibly resulting from weakened electrical repulsion between 
similarly charged groups. 
At an outlet drying temperature of 60�C，an increase of oleic acid 
concentration led to rounder and smoother particles, an increase in SSA, and a 
decrease in the VMD. However, the MMAD showed an increase beyond 0.2% w/w 
oleic acid and the FPF exhibited a decrease rather than an increase, which was likely 
due to the increased cohesiveness of the powder brought about by the adsorption of 
oleic acid on the particle surface. Similar to the case with lecithin, the use of a lower 
drying temperature (20°C) reduced the particle size at low oleic acid concentrations 
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(0.1% w/w), but increased it at higher concentrations (>0.1% w/w). The trend in 
particle size closely paralleled that of MMAD. The FPF showed an initial moderate 
increase followed by a sharp decrease. However, irrespective of the drying 
temperature, the of the samples exhibited very little changes with increasing oleic 
acid concentration while the -AGa^'' and the associated Ka and Kd parameters of the 
powders dropped progressively to a constant level beyond 0.2% w/w of oleic acid, 
reflecting a weakening in both polar acidic and basic forces. Correlation analysis 
between FPF and SSA with and without the inclusion of IGC energy parameters 
showed that only the Kd parameter was significantly correlated with FPF. This 
suggests that the observed decrease in FPF with increasing oleic acid concentration is 
likely due to a reduction of polar basic forces (possibly by charge neutralization or 
shielding of basic groups) at the particle surface. 
In summary, the concentration of additive and the drying temperature 
employed are crucial to the dispersibility and aerosol performance of the spray-dried 
salbutamol sulphate samples. Low lecithin or oleic acid level coupled with low 
drying temperature (20�C) will afford powders with improved dispersibility while the 
presence of slight excess of these additives will yield cohesive and poorly dispersible 
materials. 
4.2. Future Work 
Since the dispersibility of the additive-treated spray-dried salbutamol sulphate 
has been shown statistically to depend on polar specific interactions via particular 
acidic or basic charged groups, future studies will focus on the use of ionic additives 
capable of modifying such interactions. These studies will be important for testing our 
hypothesis that the dispersibility and aerosol performance of spray-dried drug 
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particles can be regulated by controlling the polar specific interactions at the particle 
surface through selective adsorption of additives. 
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